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For collisions of protons with helium and argon
target gases; the differential cross sections for total
scattering, the probabilities of charge transfer fbrming
a hydrogen atom, and the probabilities of charge transfer
forming a hydrogen atom in the 2s states Qere measured.
The measurements were differential in the angle to which
the incident particle was scaEtefed. Scattering angles
between 1° and 7° were used. The measurements were made
for the range of incident proton energies between 3 and
20 kev.

A beam of proﬁons, magnetically selected from the
output of a duoplasmatron type ion source, was brought
into a scattering chamber. The pressure of the gas in the
chamber was held sufficiently low that collisions of
incident protons with more than one target gas atom were
negligible. The fast, scattered particles (either protons
or hydrogen atoms) were detected by a bare electron
multiplier set at an angle to the original proton direction.

With knowledge of the target gas density, the total number
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of incident protons, the efficiency of the particle detec-

tor, and the scattered particle acceptance geometry; the
differential cross section for total scattering was obtain-
ed from the number of scattered particles for each angle
and incident proton energy used. These measurements of
differential scattering cross sections are compared to the
predictions of classical scattering theory.

By deflecting the positively charged protons and

.

detecting only the fast hydrogen atoms, the probability of
charge transfer forming a hydrogen atom was obtainéd for
each angle, energy, and target species. The probability is
the ratio of hydrogen atoms detected to the number of total
pafticles (hydrogen atomé and protons) detected for the
same experimental conditions.’  These measurements are
compared to the previous measurements of Everhart, et al
and the available coupled state calculations for charge
transfer.

If the hydrogen atom formed by charge transfer is
formed in the 2s state, it will remain in that state until
after detection unless the atom is in an electric field.

In a strong electric field the 2s state is coupled to the
2p state and the atom will then decay to the ground state
emitting a characteristic photon. A portion of the photons
induced by-establishingfan electric field in the path of
the scattered particles were counted using a photodetector.

With knowledge of what fraction of the total number of
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induced photons were counted; the probability, defined as
the ratio of hydrogen atoms in the 2s state to total
scattered particles at a particular angle and energy, was
obtained. These probability measurements are compared to
the coupled state impact parameter calculations of Sin
Fai Lam and the previous probability measurements at one

fixed angle by Dose.
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I. INTRODUCTION

The process of exchange of electrons, or charge

exchange, during collisions of atoms and ions has been

widely studied. Processes of the type AT + B -~ A + Bt

where A and B may or may not be the same atomic species,

‘have received considerable attention, experimentally and

theoretically. This process has been investigated with
interest in the total charge transfer, in transfer.dﬁ;ing
close collisions with scattering to particular angles, and
in collisions where one of the colliding partners is left
in an excited state.

Several quantum\mechanical techniques for calcula%ing
and understanding the physical properties of charge ‘
transfer processes have been advanced. These techniques
will be discussed briefly in section II, but no attempt
will be made to undertake a complete discussion of these
theories or to catalogue all of the calculations which have
been done.

| Recent experimental work on charge transfer has been
directed beyond measurement of quantities for direct prac-
tical applications, toward testing the range of validity
of the various theoretical calculations. For this reason
much of the recent work has been with the simplest atoms
and ions available. There has been recent experimental
interest in charge transfer with scattering to particular

angles (differential charge transfer) and on transfer to
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excited states, as these provide the most critical tests of
the theoretical thechniques.

In this spirit, an experiment to measure Cross sectioﬁé
and probabilities for charge transfer to the n=2 state of
hydrogen from collisions of protons with various rare gases
as a function of impact energy and scattering angle has
been undertaken in this laboratory. It will be the
function of this thesis to present results for transfefwto
the 2s state of hydrogen from collisions of protons with
helium and argon over the range of impact energies from 3
to 20 keV and scattering angles from 1° to 7°. These

results will be compared with the available theoretical

‘calculations and similar experimental results (section V).

In order to make these meaéurements it was necessary to
measure related quantities, some of which have received
previous attention. The total transfer cross sections (all
angles) to the 2s state of hydrogen for collision of protons
with helium and argon were measured in order to obtain a
calibration of the efficiency of a photodetector used.

These results are presented and compared to previous work in
section IV, As a part of the experiment the total differ-
ential scattering cross sections, including elastic and
inelastic and charge changing processes, in collisions of
protons with helium and argon were measured. Some appro-

priate classical theory related to total differential



3.

scattering is presented in section II and compared to the
present experimental results in section V. Finally, the
differential charge transfer probabiiities for forming
hydrogen in any state were measured. Comparisons with

earlier results are found in section V.
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II. THEORIES

A. (Classical Theory of Differential Scattering.

The interaction energy, V, of two charge particles
with charges Qj and Q; is well understood classically and
is represented by V = gl?gg where r is the separation of

£he charges. Bohr! has discussed the potential

V= ———— exp (-r/a)

for representing the interaction between two colliding
atoms of nuclear charge Zj and Z, times the electronic
charge "e". The exponential factor expresses the effect

of the electrons in shielding or scereening the nuclear
\

charge. Bohr! proposed a screening 1ength, a, of the form

a=ag/ (212/3 + Z22/3)1/2 where a, is the radius of the

o
first Bohr orbit. Bohr arrived at this form by considering
the screening of a single atom, given by the Thomas-Fermi

statistical model? to be a = 0.885 a, (—l—— Bohr

Z1/3)'
ignored the 0.885 factor and took the reciprocal square of
the total screening length for two atoms to be the sum of
the reciprocal squares of the screening lengths of the

3 found that this estimate

individual atoms. Lindhard, et al
agreed well with more exact numberical estimates. Firsov’
has also considered this potential in developing more

detailed Thomas-Fermi screening parameters.

Several authors have considered the range of wvalidity
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of calculations using such a classical potentialll3'5.
For classical approximations to hold two conditions must
be satisfied: (a) the orbit must be well defined, and
(b) the uncertainty principle must not be viélated. The
first condition requires that any dimension of the scat-
tering field be large compared to.the deBroglie wavelength
of the incident particle, that is a>>A. This first
requirement also leads to an upper limit on the relative
velocity of v<<ZjZge?’/h. A requirement on the deflection
angle, 6, produced by the collision can be obtained from
the second condition, namely that 6>> 5%3. Dimensions of
the scatterer other than "a" are often used in discussion
of classical collisions, sucb as the miqimum or "head-on"
collision diameter b = EiEZS; (where m is the reduced mass
1/2mv
and v is the relative velocity) and the impact parameter,
p (see Fig. 1l). All of the experimental situations in this
thesis fall within these classical limitations so that
classical approximations may be applied for the total
scattering.
For a known central potential, V(r), the deflection of

an incident charged particle in the center of mass coordi-

nates is calculated classically from

o0
(p/x?) dr
g =7 - 2
[1-p2 - y(r) 11/2
a 2 I/2mv?

(-4

(derived in many standard textbooks, e.g. reference 9),
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where 0 is the deflection angle, r, is the distance of
closest approach, and p is the impact parameter.

For scattering of a beam of pérticlés it is customary
to define the effective scattering cross section, 'g%-(O),
as the ratio of the number of particles scattered per unit
time into solid angle dQ (between é and ©O + dO) to the
number of incident particles per unit time. The relation

between the cross section and the scattering angle is

- _P dp
= ) = sine I an |-

Tables giving the differential cross section and
distance of closest approach for various values of b/a fBr
scattering described classically by the above expressions
and the Bohr potential havé been calculated by Everhart,
et al® ana by Bingham7. Bingham's tables are more
detailed and have been used to obtain calculated cross
sections for comparison to experimental results in section
Iv. A,

More recently, other forms of screening have been
employed which more accurately describe the distribution of
electronic charge in atoms. F. T. Smith8 has suggested a
potential of the form  V(r) =(§)§ o, exp(-r/a,) where
ay, = 2,8,8... for K, L, M shells respectively and

1/2

a, = ag(I/Iy) v Iy being the ionization potential of
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hydrogen and I, being the closed shell ionization potential
for the respective shells of the particular atom considered.
The form indicated for the screening lengths, a,, is
obtained from a simple hydrogenic model of the charge
distribution.

The classical expression for the deflection angle can

: 00
be put into the form o - 0 av (x) ar
1/2mv? dr (xr*-p*)1/2
P o
if the assumption r_ = p is used for the lower limit of the

o
integral. If a potential of the form V(r) = Zgo¢g/r is

used the integral reduces to OT = Zeff/pg, where T = 1/2mv?.
Dose10 has taken the potential suggested by Smith and used

it with the expressions given above. By equating
oo

dv (r) dr
OT = ;J drr (x7=p2)1/2 = Zeff/P
b .

and evaluating the integral with the potential suggested

by Smith, he obtains values of Z.¢¢ as a function of impact
parameter, p, for protons and hydrogen atoms incident on
helium, neon, and argon. Using his values of Zggf, the

cross section can be determined directly from the familiar

Rutherford formula gg (0) = 1/4 (% Zeff e2)2 1
2T sin® 0/2

where Z is the charge of the incident particle (for protons
Z = 1) and T is the energy as before. At least for helium,
the values of Zoff obtained by Dose are in good agreement
with values of Z ¢y obtained from a Hartree-Fock

calculationll-
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Comparisons of cross sections from Bingham's tables
and those obtained from Dose's values of Zg¢¢ and the

present experimental results are found in section V.

B. Charge Transfer Theories.

1. Born Approximation.

3 First consider charge transfer between one initial
state of atom A and one final state of atom B, i.e.
At + B, » Aj + BY, The most easily applied approximation

is the two state Born approximation, in which the charge

transfer amplitude is given by12

9i5 (6,9) = - %t[)[ ¢iB(rB)¢jA*(rA) exp {jé(kiﬁi-kjﬁj)

-

“R-iV - ‘f} - [VB(xg) + W(R)] d%rpd’R

where:

(1) ¢;B(rg) ana ¢jA(rA) are the electronic eigenfunctions
describing the initial‘state, i, of atoﬁ-B and the final
state, j, of atom A respectively. (2) ' The exponential
expression describes incoming and outgoing plane waves, ﬁj

is a unit vector in the direction of scattering (6,¢).

1o

(3) VB(rp) is the potential for the electron with atom
B. (4) W(R) describes the interaction of nuclei A and
B.  (5) 1, rgp are the position vectors of the electron
to atom A and B respectively and r is the electron vector

to the center of mass of A and. B. (6) R is the inter-
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nuclear separation. (Examples of useful discussions of
this and other approximations are Bates and McCarrol,
reference 12, and reference 13, 14, 15, and 16.)

The total charge transfer cross section, Oigs between
ény two states can be obtained from the above expression
by integrating the square of the absolute value of the
amplitude over scattering angles 0,¢.

There are several limitations on the range of
validity of this result. A weak interaction, W(R), is
assumed. Many cases of charge transfer are not weak
interactions so that this approximation is always suspect.
Beyond this, the weak interaction criterion is violated in
close collisions resulting in scattering to large angles.
Also, the relative velocity ;fAthe coliiding atoms must
be sufficiently fast that the description of the target
by undistorted atomic wave functions remains valid and
that the velocity is constant during the collision. 1In
general, the perturbation of the interaction potential,
W(R), on the wave description of the atomic states must
be much greater than the perturbation on these states due
to the relative motion. This condition is best satisfied
at high velocities. The limits of validity are made clear
only by comparison to experiment.

Total charge transfer cross sections for H++He’*H+He+
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have been calculated in this approximation, by Mapletonl?,
The results are in fair agreement with experiment28 for

energies above 50 keV. This agreement may be partly due

to the large contribution of distant collisions (weak

interaction) to the total charge transfer. (Fig. 4

shows the results of Mapleton's calculation for the
total cross section for transfer to the 2s state in
HY + He collisions.)

If it is desired to calculate charge transfer
probabilities to a final state which may be influenced
by other nearby states or some intermediate state, for

examble in an exchange such’as, H + 4+ He » H(n=2 states) +

He+; then direct application of the above two state
approximation should not be expected to give accurate
results. It is appropriate, in this case, to use an
approximation where the effects of these other states
can be included more directly.

The comparison of this theory with experiment
clearly shows that transfer to the 2s state of hydrogen
in the energy range 3 - 20 keV will not be accurately

described by the two-state Born approximation.
2. Impact Parameter Method.

An alternative formulation which also relies on the

validity of classical trajectories, but which can be
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constructed to allow for some distortion (change of
energy levels) during collision, and to allow for thg
influence of intermediate states, is the coupled state
impact parameter formulation.

In the impact parameter formulation the wave function
for the system A* + B » A + Bt is expanded in terms of a
finite number of the atomic eigenfunctibns of the
separated atoms. Generally, the eigenfunctions used -
include the ground state,'xp(rB), of'thé target atom, B,
and a few of the eigenfunctions, ¢, (rp), of the atom

formed from projectile, A*, when it receives an electron.

That is,

W(rB:t)_= ap(t) xp(rB) exp [ i%XEB —_% (Ep+ 1/2mv?)t]

+Zb(t)¢m(rA) exp [imVZB _ i

i 2
~ om +— " (Ep+1/smv Yt]

whefe Zg ='EB .'G, Ep and Em are the eigenenergies of the
respective eigenfunctions, (see references 14 and 33).

The expansiqn coefficients, bpyy(t), for a given v,
depend on p and ¢ as well as t. If the charge transfer
from state p of atomvB to state j of atom A is required,
then it is necessary to solve for bpj(w), The probability

of transfer to the state j is then ij(0:¢) = Ibpj(wﬂz

at a particular impact parameter. (For classical
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trajectories there is a one-to-one correspondence between
p and 6.) The coupled equations for these coefficients
are obtained from substitution of the constructed wave
function, Wp(rB,t), into the electronic wave equation
H, ¥ (rﬁ't) =1 g%—— ¥o(rp,t) where
H, = -1

e = iﬁ-vz + VA + vB 4+ electron-electron interactions,

and vA and VB are the potentials between the electron_and
A and B respectively.

The probability, Ppys is the most direct quantity
predicted by this theory. The most critical comparisons
between'experiment and theory thus are oﬁtained from
measured values of Ppy(p). However, the quantity desired
for most applications, and which is frequently measured,
is the total cross section. This cross section can be

obtained from the theory by

o 27
053 =j/2 ij(p.‘b)pdpd\cb

o ‘o

which usually can be simplified to

o0

Opj = 2WJ/ﬁ ij(p)pdp.

[}
The comparison of experlmental total cross sections to

those predicted by theory is not as crltlcal as
comparisons of probabilities because of the averaging

effects of the integration and the large contribution for
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large values of p.
A two-state impact parameter solution of this type is

known to be equivalent to the Born formulationl4, so that

additional states must be included in the expansion-and

gffects such as distortion included before the impact
parameter technique can be expected to improve on Born
results. ' .

In practice the calculations may be tedious and the
accuracy will depend on how well the system is described
by the wave function chosen and how accurate the potential
terms in the Hamiltonian are.

Distortion is quite importantkat lower velocities.

To first order, distortion ié included by generalizing

the expansion coefficients in such a way that the
unperturbed eigenenergies, Enr are veplaced by Np=E +Vyn
where
Viom = .]r¢m*(rB) vh ¢ (rg)diry

(for details see reference 14). Here, as in the original
impact parameter formulation, well defined stationary
states afe assumed to exsist. For small impact parameter,
violent collisions, the transitions within the quasi-
molecule formed during the collision may'not be adiabatic

and well defined states may not exsist even in reasonably

slow collisions.
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For sufficiently low velocities the impact parameter
method may fail even with many eigenfunctions included
ih the wave function expansion and distortion accounted
for. Then it is necessary to find new wave function
gxpansiqns which more adequatély fepresent the system, such
as the eigenfunctions of the quasi-molecule fdrmed by the
colliding partnersf .

Again, the range of validity of these impact parameter
calculations is best established by combarison of theory
and experiment.,

The impact parameter method has beeﬁ applied success-
fully to several charge transfer proﬁlems. The simplest
system for charge exchange ié Ht + H > H + HY. This
exchange has been treated by several authors in the impact

parameter formalism. Among the more successful calcula-

tions, Wilets and Gallaherl® and Lovell and McElroyl9,

have‘calculated the total (all angles) transfer to the 1s
state and 2s and 2p states of hydrogen and have shown
pJ for ground state transfer
at a particular écattering angle (Fig. 2). Wilets and

results for the probability P

Gallaher expand the wave function in terms of the eigen-
functions of 1ls, 2s, 2p,, 2psjr centered about both
nuclei. For the total cross section for transfer to
H(ls) their results are in reasonable agreement with the

measurements of McClure20 (all above 2 keV). For cross
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sections of transfer to the n=2 states they are in good
agreement with the 2s measurements by Bayfield2l and in
fair agreement with the 2s measureﬁents of Colli, et a122,
and in fair agreement with measureménts for the 2p state
by Stebbihgs, et al?3,

‘ The measurements of fhe probability of transfer to

any state by Everhart, et a124, at a constant scattering

angle for mt + H collisions, show an interesting‘
oscillating structure‘as a function of collision time,
sometimes referred to as resonance (to be discussed in
the next section). This oscillation is due to inter-

ference between transfer amplitudes of the lowest

symmetric and antisymmetric states of the H2+ system.

The Wilets and Gallaher calculation reproduces the measured

oscillations of Everhart, et al except that the calculated

oscillations are out of phase by about one fourth cycle

(Fig. 2). |
An impact parameter calculation by Cheshire?> for

HY + H collisions has included the effect of screening

of the nuclear charge of the target hydrogen atom by the

electron. Only slight improvement in the agreement with

experiment by Everhart, et al is obtained, but the
technique may be important to other systems where
screening is more important.

Of more direct interest to this report are the

IR ——— . - SR
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calculations of charge transfer for the system

oY 4+ He » Het + H. Several impact parameter calculations
of total transfer cross sections to the ground state of

f hydrogen have been done in a two state approximation,

for example by Green, et a126'272 In the range 6 to

100 keV the calculations of the total cross section for
transfei.to H(ls) by Green, et él are in good agreement
with experimentzs, which includes capture to higher

states of hydrogen. In the range, 6 - 40 keV, the

Qﬁ., calculations by Green, et al, agree better with experiment
than similar previous calculations. This may be because

of inclusion of distortion affects in the collision.

Green?’/ also published.calculation of the transfer

probability for capture into H(ls) at particular impact

paraméters for comparison to the experiment of Helbig and

Everhart29 who measured probability for capture into all
states of hydrogen at small impactlparameters in the
collision H' + He — Het + H at energies between 1 and
100 keVv (see Fig. 3). In this application the theory

correctly predicted the positions of the observed

oscillation peaks, but failed to obtain satisfactory

agreement with the observed magnitudes of the peaks.

(In Fig. 3 the distance of closest approach, Ry, has been
de related to the product of scattering angle and incident
o energy, 6T. This relationship, using. the impact para-

meter, p, rather than Ry, has been discussed in section II.)

¥
i
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Fig. 3
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Two-state impact parameter calculations have been
used by Polvetkov and Presnyakov30 to obtain some under-
standing of observed total (all angles) charge transfer to

the 2p state of hydrogen in HT + He » H(2p) + Het and

gt + Ne +4H(2p) + Het. This investigation (6-40 keV)

‘added the direct transfer to H(2p) and transfer through

31

p—

the rival ground state to the 2p state. Jaecks, et al

had suggested that the observed double maxima in these
cross sections could be interbreted és arising separately
from the direct transfer and transfer through the ground
state. The qualitative'agreément between the two state

calculations and the experiments of Prétzer, et al31' 32
and Andreev, et al33 supports the suggestioh of coupling
through the ground state. |

More recently L. T. Sin Fai Lam34 has published
impact parameter calculaﬁions for the HY + He system with
a direct bearing on this report. Thislcélculation employs
expansion of the wave function in terms of the four
atomic eigenfunctions of 1ls, 2s, 2pg: 2P:] states of

+y,

hydrogen (with ground state of He and the initial

ground state of helium. Calculation of the total charge
transfer cross sections (includigg transfer to all 4 7
hydrogen states) yielded nearly the same results as obtain-
ed by Green for transfer to the ls state. The calculation

of the total transfer cross section to the 2s state of

hydrogen gave quantitative agreement with experiment from
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3 to 100 keV (where data is available) except for a
shoulder seen by all observers around 12 keV. The

comparison is illustrated by Fig. 4, reproduced from

ref. 35, where some of the data has been renormalized.

Of greatest importance to this report, Sin Fai Lam

calculated the charge transfer probabiiities to the 2s

and 2p states as a function of impact parameter for a few

energies and as a functién of energy at a fixed small
impact parameter. Tﬁese results wiillﬁe'compared to
present experimentél measurements for the 2s state in
section V.

Sin Fai Lam's prediction of the total cﬁarge
transfer fraction at a fixed impact parameter was similar
to that of Green, showing the same relationship tobthe

measurements of Everhart, et al (Fig. 3).

C. The Quasi-Molecule Approach

l. Resonance

The application of guantum mechanics to the Hy'
molecule led to development of the concept of the electron

oscillating between the two nuclei. Heisenberg36

introduced the term resonance in the gquantum description
of excited states of helium because the behavior of two
degenerate states was analogous to the classical system of
twé coupled oscillators customarily described as exchang-

ing energy by resonance. The concept was applied to the
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Hy,* molecule by Pauling37 and others38. At finite nuclear
separation, the two lowest stationary étates of this
molecule are symmetric and antisymmetric states
constructed from the sum of states of Hp(ls) Hgt and
HA+ Hp(1s). In the construction of the symmetric and

antisymmetric states, a resonance exchange of the

electron between Hp(ls) Hp* and Ha'Hp(ls) arises, with the
charge exchange fréquency E/h where E is the energy
separation between the symmetric and antisymmetric states.

It is this resonance in the quasi-molecule of Hy*

formed during the H' + H collision which causes the

oscillation in charge transfer probability observed by

Everhart, et al24 (Fig. 2). . During the collision the
electron is oscillating between the target and the

projectile as described for the H2t molecule. As the

relative velocity of the collision is increased the
electron is left alternately on the target and the
projectile, resulting in regular oscillation of the

charge transfer probability with collision time.
2. Perturbed Stationary.States.

The resonance concept, arising in the description of

the H2+ molecule, relates most directly to the charge

-exchange during collisions when the velocity of the

colliding atoms is sufficiently slow that the system is

most accurately described by molecular eigenstates. In
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this case, the system wave function is expanded in two-
center, bound state eigenfunctions-:rather than in terms of
single-center eigenfunctions of the individual atoms.

The original procedure for such a perturbed
stationary state expansion was giﬁen by Mott39, Again,
for the system AT + B + A + BY, require that the system

wave function, ¥(r,R), satisfy the wave equation -

2 2 .
["'%M VR g’:ﬁ" Ve? + VB(rg) + VA(xa) + W(R)]Y = EY

where M is the reduced nuclear mass, m is the eleétron
mass, r is the electron coordinate rélative to the céﬁter
of mass of A and B, and R is the separation of nuclei A
and B. | ’ |
It is assumed that there exist molecular electronic
eigeﬁstates, x(xr,R), for which
"an

[ 3= Vr’+ Eg(R) - VB(rp) - VA(ra)] x(r,R) = 0

is satisfied. It is necessary to distinguish two forms of
electronic eigenfunctions, x(r,R); those which tend to

atom A as R » =« and those which tend to atom B. That is,
| B A A
XpB (r,R) —>dp (rp) and Xg (£,R) ——> 4% (xp)

where the ¢pB and ¢qA-are atomic eigenfunctions of atoms
B and A respectively.
The system wave function Y(r,R) is now expanded as a

linear combination of the molecular eigenfunctions

SRR ey S e e A Kl ATRIGRATIRE S e L Ren
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Y =Zap‘(R) XpB(rlR) +qu(R) XqA(rlR)-
p q

When this wave function is substituted into the first wave
équation, which it must satisfy, coupled equations for
pq(”) can be obtained and the p:obability of the electron
ending in state ¢qA of atom A is thus obtained in a manner
similar to the impact parameter treatment. The cross..
sections are then obtained as iﬂ the impact parameter method.
Unfortunately, several difficulties arise with this
approach. This original’fbrmulation has not included any
effects of the translation motion. Bates (see reference
14) has shown that this omission leads ﬁo serious error
because the rotation of the’internuclear line gives rise
to COﬁpling terms for any states which are not sphericaliy
symmetric. In fact the original formulated theory had
taken into account only matrix elements joining the
states of the quasi-molecule which tend to the initial
and final states of interest, i.e. coupling between various
states of the quasi-molecule had not been included. 1In
addition to the coupling introduced b§'the rotation, it is
necessary to include coupling between any molecular states
which have potential energy curves which lie close to the
state of interest, especially for small impact parameter
collisions where electronic energies are not precisely

defined. The equations resulting from inclusion of such
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coupling are complicated, thus calculations have been
successfully performed only for cases where such coupling
can be ignored.

Coupling terms can be ignored in 65ses where only
spherically symmetric initial and final states enter and
for which no othef molecular eigenstates lie close to the
eigenstate connecting the initial and final states of
interest. The only cases where these criteria are found
to be well obeyed are.resonance transfer (when final

electronic energy is unchanged by transfer) between

spherically symmetric states, such as HY + H(ls) > H(1ls)+ut

or Het(ls) + He(ls)? - He(ls)? + Het(ls).

An application of the réesonance concept through
perturbed stationary state calculation of collisions of
H* + H was made by Bates, et a140_in 1953, For close
collisions, the charge transfer prchability was predicted
to oscillate between 0 and 1. The experimental work of
Everhart, et al showed such oscillations, but the
amplitude was damped (not reaching 0 or 1l). The observed
oscillations, as a function of inverse Qelgcity (collision
time) , were out of phase with the calculated oscillations
by about w/4 (as was the case for the similar impact
parameter calculatioﬁlg). A p.s.s. calculation by F. J.
smith?l showed that even for the simple HY + H case,

coupling between 2p oy and 2p w, states of the quasi-
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molecule had to be included before quantitative agreement
between theory and experiment could be obtained (see Fig.2).

The prospect of carrying‘out‘adequate perturbed

state calculations for systems such as H' + He is

apparently poor. In the situation of interest in this
-thesis, where the hydrogen atom is forméd in the 2s state
from cbilision of HY + He, there are several nearby
molecular states tending to different étomic configufgtions

in separated atom limit (see Fig. 5).
3. Semi Empirical Approach.

Lockwood and Everhart%? observed that their results
for resonant capture, gt + H > H + H*, could be repre-
sented empirically by the equation

m<Ea>
vh

P_ = Ky (1/%) + Ky(1/v) sin? [

‘o - B]

where "a" is the distance over which the collision takes
place, E is the energy, and K; and K, are slowly varying
functions of 1/v. With Kl = 0, B=0 and Ky = 1, this
result is equivalent to perturbed stationary state results

of Bates, et a . The quantity <Ea> is determined from

the data. The oscillations of transfer probability are

observed to be quite regular as a function of 1/v. The

a a

Vhn Vn+2

. . . . h
period of oscillation is T = =5

h

h d t
T/vigs = 1/vy) where n denotes

from which <Ea>p =
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a particular peak or valley in the observed oscillation.
Using the value of <Ea> from the data and adjusting tﬁe
phase, B, the equation given provides an excelient fit to

Lockwood and Everhart's data. The value of B obtained is

‘near mn/4.

Lichten43.diséusses these results and the:equaiicn:
given by Lockwood and Everhart. He points out that-,M
oscillations in the qharge'traﬁéfer probability arisé from
interference between symmetric and antisymmetric élecfronic
states which tend to the same separated atom configuration.
Competition from-nearby states will cauée damping of the
oscillations(as already seen from perturbed statiohary\\,
state calculations) and méy,even destroy them. Further;

for oscillations in charge transfer to occur, the

electronic energy levels of symmetric and antisymmetric

states must be sufficiently separated in energy to allow

many oscillations of the charée probability during the
collision. Thus Lichten concludes that oscillating

éﬁarge exchange occurs most favorably when the ratio of
energy splitting between symmetric and antisymmetric state
to the width of the band of competing states is large. He
also discusses theorgtical detefmination of the quéntity
<Ea>. .

The total charge transfer probabilities for close

collisions of H' + He ~ H + Het, measured by Helbig and
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Everhart29, are of more direct interest to the present
work. The observed probability oscillates with consider-
able damping (Fig. 3). Again the empirical equation given
above was found to provide a good description of these
oscillations.

Lichten?4 has also discussed these results, calling
the oscillations quasi-resonant. The term quasi-resonant
is applied because the measured probabilities exhibit
oscillations which are regular as a function of coilision
time, following the resonance concebt_developéd for HY + H
collisions. However, the HY + He > H‘+ Het transfer is
not resonant with respect to electronic egergies in that
the initial and final electronic energies are different.
This energy difference contributes to the damping.

Lichten points out that the empirical equation can
be put into form identical with that for a damped harmonic

oscillator,
P, = ¢ T/To sin? | T - B ]
o N

where T is the pefiod of oscillation and A is the
effective range of the interaction. He also establishes
Criteria for oscillations to exist. One condition is
thaﬁ AET<<1l (in atomic units) so that transitions will
take place in spite of the difference, AE, in initial and
final electron energy (1 is the collision time). Further,

as mentioned in the resonant case, the energy levels
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during the co;lision must be widely separated in order that
many changes of charge occur. For close collisions this
is [E5(0) - E;(0)]1t>>1 (where E2 and E; are the energy
levels of the states between which charge transfer occurs,
the (0) denoting that the‘diétancé of approaéh of the nuclei

is approximately zero.) These two conditions together are

E2(O) - El(’0)>> ;i_]-'- > Ep(») = Ej (=), -

e

For the H' + He system, the unitea atom limit is 14t.
A correlation diagram is shown in'Fig. 5 and demonstrates
that Lichten's criterion is satiéfied fbi charge transfer
to the ground state of hydrogen in cldse collisions.

Quantitative understanding of these charge transfer
oscillations requires detailed knowledge of the
electronic energy levels at all distances of nuclear
separation. Some of this knowledge can'be supplied with-
out exact wave functions and without>ca1culations describ-
ing the entire collision. The energy levels of the quasi-
moiecule at various nuclear separationé can be qbtained
by sélf_consistent energyrcaléuiations.employing linear
combinations of atomic orbitals»or molecular orbitals. In
this way an energy level diagram showing the bghavior of
various states of the system for changing internuclear
distance is obtained. Some of this work, for the system

+
of interest,(H-+Ik% has been carried out by H. H.

B e T T
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Michels45, and is represented by Fig. 5. Even though the
Py .
- nuclear repulsion 1is included in this diagram, the
fé complication for transfer to H(2s) arising from competi-
“v{ tion of several nearby states is demonstrated.

: Some application of the Everhart formula and Lichten
criterion to the present results for transfer to the 2s
state in H' + He collisions will be attempted when these
results are presented in section V. -

}
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II1I. THE EXPERIMENT

A.  Experimental Arrangement

1. Schematic of the Apparatus.

The experiment was conceived to measure the fraction
of the charge transfer which endea in the 2s state of
hydrogen from collisions of protons with rare gas target
atoms. A schematic of the experimental arrangement is.-
shown in figure 6. A conceptual description of the
experiment is given below; but the apparatus will be
described in detail in section III. B.

Protons are selected from the output of the ion

.source by the analyzing magnet and enter the scatterin§

chamber through two beam defining apertures. The
scattering chamber is filled with target gas at sufficient-
ly low éressures that only single coliision processes are
important. |

Protons and hydrogen atoms (charge transfer), which
are scattered to a particular angle, enter ah assembly
containing particle and photon detectors. This ekternally
rotatable assembly opens to the scaﬁtering.chamber only
through the first ofutwo slits defining_the spread of
angies from which thg,detector asseﬁbly will accept
scattered particles. The detector assembly is pumped by
a 4 inch diffusion pump so that the presSure inside the

detector assembly is below that in the scattering chamber.
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The second slit defining the scattering acceptanée angle
is a hole in a plate located inside the assembly; this
plate serves also as the grounded side of a capacitor.

When voltage is applied, the capacitor presents an
electric field parallel to the difection of motion of
particles scattered into the acceptance angle defined by
the two slits. If the scattered particles have undergone
charge transfer to the 2s state of hydrogen, they should
remain in that state until they enter the capacitor region.
The lifetime of the 2s state in a field free region is
0.14 seconds, but in an electric fiela of 600 volts/cm the
lifetime decreases to about 4 x 1072 secoﬁds due to stakk
mixing of the 2s and 2p states. 1In such a field hydrogen
atoms of a few keV energy will travel less than the 2 cm
length of the capacitor before decayiné through the 2p
states to the ground state emitting Lymén alpha photons
of 1216 A wavelength.

A detector to count these emitted photons views the
capacitor region from above. The fraction of the total
emitted photons which are counted by this detector will
depend on the detectdr efficiency, the solid angle subtend-
ed by this detector,}and the fraction of the excited atoms
decaying within the path length viewed by the detector.

The scattered particles pass through a small hole

(which is large enough not to affect the scattering
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geometry definition) in the high voltage end of the
quenching capacitor. Beyond the capacitor all the
particles which entered the scattering acceptance
geometry are iﬂcident on a bare electron multiplier which
counts a percentage of them depending on its efficiency.

Data collection is controlled by a current integrator.
This device is connected to the beam collection cup which
is receiving the direct beam. The infegrator monitors the
current and stores it on a capacitor, discharging the
capacitor when it is fully charged and then recharging it.
The integrator continues untii a preset amount of charge
has been collected. The scalers collecting photon and
particle counts are started when the integrator is \*

started and are stopped automatically by the integrator

when the preset chargevhas been collected.
2. Quantities to be Measured.

The primary quantity of iﬁterest is the ratio of
hydrogen atoms in the 2s state to the total particles
(protons plus hydrogen atoms in any state) scattered into
a particular angle defined by the detector geometry. This

quantity is referred to as Pyg in this report and is

defined by
p _ H(2s) _ Sog /E i
2s T EF ¥ H l - [] 7€m

at detector
angle
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where: 1. Spg is the number of detected 2s photons and
S is the total number of counted particles. 2. gy is the
efficiency for detection of protoné and hydrogen atoms by
the multiplier. 3. epis the efficiency for detection of
L, photons by the photodetector times the fraction of the

total 47 solid angle viewed by this detector. 5. f is the

fraction of H(2s) decaying within the path length viewed
by the photodetector. The measurements of gy and ep'gfe
described in section IV.,and the technique for calculating
f is described in appendix A.

In actual measurements, the number of detected photons
from the 25 state was determined from two consecutive data

collections. Photons were counted with voltage applied to

the quench capacitor and with the capacitor grounded, but
with all other parameters held constant. The difference

between these two is the number of photonsvfrom the 2s

state. The tube noise and any photons from excitation
of background gas within the capacitor are thus subtracted.
This whole process was generally repeated with gas

removed from the scattering chamber. If these background

T i e WA e i e s, b i s o

signéls were found to be appreciable (5% or more) they

were appropriétely subtracted.

If a minor addition to the apparatus is made, the

quantity P,, defined as

P = H (all states) l

o +
HT + H at detector angle
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can also be measured. The required modification is the
addition of a device to deflect the protons after

scattering so that only the hydrogen atoms reach the multi-

.plier. To accomplish this, a set of curved deflection

plates was placed before the quenching capacitor. The

‘top plate was made with a slot to pass the undeflected

hydrogen atoms. A biased collector cup was used to

collect the deflected protons. With no voitage on the

deflector plates alllparticles pass through the gquenching

-capacitor to the particle detector and the L, photons

can be detected simultaneously by using the quenching
capacitor. When voltage is applied to the deflection
plates, only hydrogen atoms -are passed, but for most
deflection voltages the 2s stéte is quenched in fhe
deflection plates so that Lyphotons from this staﬁe cannot
then be detected in the quenching capacitor region.

Ifyit is assumed that the particle detector
efficiency is identical for protons and hydrogen atoms of
the same velocity (to be substantiated in section 1IV),
then the quantity P, is independent of the particle
detector efficiency. In fact, |

p - H (all particles detected with deflection)

o~ HY + H (all particles detected with no
deflection)

provided the target pressure and total number of incident

protons, which determine how many particles are scattered
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into the detector geometry, are the same during
deflection-on and deflection-off data collections.

Everhart, et a1?9+%3 have measured P, for most of the

experimental configurations used in the present work and

comparison of results is made in section V.

If the detector assembly is set at zero degrees, that
is, so that the incident beam passes directly through the
detector geometry, the total cross section (integratéE‘
over angles) for charge transfer to the 2s state can be
méasured directly. Of course, this assumes that any
particle undergoing charge transfer to the 2s state and
scattered by a larger amount than the detector acceptance
angle can bé accounted for or neglected. In fact these can
be neglected as wiil be demonstrated, indicating that the
particles detected at anglesmwhere no direct beam enters
the detector geometry are a negligible portion oﬁ the
totai scattering.

In practice, most manageable proton beams for the
apparatus used, were too intense for the direct beam

individual particles to be counted. Therefore, the total

2s cross sections were measured with a Faraday cup in

place of the particle multiplier.
Assuming single collision conditions, the cross
section for total charge transfer to the 2s state, Oogr

is defined from Nyg = NoPL O,y where; Npg is the number




T odat

é
i
!
'
!
!
<%
i

imamte i T .

40.

of hydrogen atoms formed in the 2s state for Ny total
incident protons, p is the target gas density, and L is

the length of target gas traversed by the beam.

In actual data collection, N,, was determined by inte-

grating the total charge collected by the collection cup
.at the end of the detector assemgly. The total integrated
charge, Q (in coulombs), is equal to e*N, where e is the
charge on each proton, 1.602 x 1019 coulombs. B

At the low pressures used, the ideal gas law can be
used to relate the density of the target gas to the
pressure. The relationship is

273

p = 3.535 x 1016 (£2) p; (let 3.535 x 1016(213)zqy

where p is in units of cm’3'i§ P is in mm of Hg and T is
in degrees Kelvin. The temperature wés taken to be room
temperature which was always within a few degrees of
300°K, so that T = 3000K was used for all data.

As in the previously defined probability, the
quantity N,  was determined by counting the L, photons
during consecutive data runs with all parameters held
constant, within experimental limits,»ekcept that one run
was with quenching voltage applied and one was with
’Quenching capacitor grounded. This process was then
repeatea with target gas removed from the chamber, and
this background was subtracted unless it was found to be

negligible. We thus have, for target gas in the chamber



e g o

41‘

N,

S €.

[ S,5 (quench-on) - S;g(quench-off) ].[~;—f ]

Where the S, guantities are actual photon counts and €p

and f are as previously defined.

The background (or gas-out) pressure reading was
always less than 1% of the gas-in target pressure as
measured by an ion guage, ahd the difference pressure was

—

thus taken to be the pressure measured with target gas in
the chamber. ‘ -

With these experimental quantities the cross section
definition becomes

5 - [qu(quench on) - Spg(guench off)]e
2s ap PLQELE

No attempt was made to measure absolute total 2s cross
sections, rather, the relative measurements of this
qguantity were normalized to published values in order to
obtain a measurement of the photodetectof efficiency, €p
(see section IV. D.).

Finally, the differential cross sections for total
scattering and scattering with charge transfer to all
sfateé and to the 2s state only were measured at various
angles. In fact, the ratios Ppg and PO can alternatively
be defined as differential cross section ratios, i.e.

do do do A
P = 2s total = charge exchg. ,40total .
28 T gy / —am—— 3% Po T —p2 >

"
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. do.
Singe the measured quantities for P,y and ﬁﬁgﬁ and

do
_a%gEéi are determined simultaneously it is only
necessary to determine Pjg and'égégzil, then‘dUZS is
given by - dogp g _ d9¢otal

aQ T f2s Tag '

where the identity holds for this experimental data
because of the simultaneous collection of data and the
identical geometry that defines the scaﬁtering angles and
solid angles. The cross section Zgzs can be obtained
directly, without measuring A0t otalr Aas well as from the
. . an

above identity.

- The differential cross sectiocn for scattering of any

particle (proton or hydrogen atom) into the solid angle

element defined by the detector geometry is given from

do ’
N = Nop total gaAQ
° &

where.N is the number of particles (neutral plus positive)
scattered into the detector solid angle AR for N, incident
protons and p is target gas density. The quantity % is the
length of the primary beam in the target gas which is view-
ed by the detector geometry. In general the quantity RAQ
is a function of the apparatus and of the varied scatter-
ing angle, 6. The evaluation of 2AQ is most easily

carried out for the product and is referred to as 402 orx

(LAQ) o fg- This evaluation will be made in the next section
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Using the experimental quantities defined in the discussion

of 055 with those just discussed, we have

. - d0¢otal _ [Sle
| dg oqpPQ df2- ey

where S again represents the actual number of counts
i recorded, in this case by the particle detector.
As mentioned, the quantity, S, was measured simuitan—

PR

eously with the quantities S;4 (quench-on) and S;4 (quench-

1

off). S was obtained during both the quénch—on and

i & quench-off data collections and the average was used in
| ,

o therdetermination of E%%QEE&. These two determinations

of S typically differed by 2%, indicating the extent to
§ which the pressure and number of incident protons remained
constant between quench-on and quench-off coilections, and
indicating that the quenching field did not appreciably
alter the path of the scattered particles (some are

protons) through the detector assembly.

B. Apparatus

1. Accelerator.

The ion source, analyzing magnet, high voltage
supply, and control console were produced commercially.

The ion source, shown schematically in Fig. 6, is a

Von Ardenne?® duoplasmatron type modified so that H™ ions

TR

may be extracted?”?, as well as positive ions. With

hydrogen gas supplying the source, the total positive ion
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yield at the analyzing magnet was observed to be near one
milliamp, but, after selecting only protons and
restricting entrance into the scattering chamber with two
0.040 inch apertures, typical proton beams used for the
experiment were 10-50 nanoamps. Tfansportation of the
beam from the ion source to the scattering chamber is
aided by three lenses, an einzel lens aﬁ'the source, an
electrostatic guadrupole doublet lens before the -
analyzing magnet, and another einzei lens between the
analyzing magnet and the chamber.

The ion source and all of the associated control
electronics are raised to the accelerating potential. ‘Fhe
extraction electrode is grounded so that the acceleratihg
potential is applied between the anode and the extraction
electrode. The high voltage is specified by the
manufacturer of the supply to be *1% of the selected
value and is continuously variable between 0.5 and 21.0
kilovolts.

The spread of energies of ions extracted from the
source was not measured in this experimént, In general
the spread of energies from duo-plasmatron type sources

is less than 10 to 29 ev46'48.

It is expected that ions
passed by the analyzing magnet and entering the
scattering chamber through the beam defining apertures do

not have a larger energy spread than 10 to 20 ev.
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2, Scattering Chamber and Vacuum.
The differential scattering assembly and detectors

are enclosed by a circular stainless steel scattering

.chamber as indicated by Fig. 6. The inside diameter of

the chamber is 18 inches with 1/2 inch thick walls. The
chamber is made in two sections. The 7 inch deep lower
half bolts directly to a 1 inch thick stainless base plate
with the vacuum seal made by compression of an aluminum
o-ring. This lower section has 4 entrance ports of 4
inches diameter each at '90° intervals. The top half of
the chamber, which is 6 1/2 inches deep, bolts to the
lower half with the vacuum seal again made by compression
of an aluminum o-ring. This upper section has one
entrance port in the center of the top, through which all
of the electrical connections are made by means of ceramic
to metal insulated vacuum feed-throughs.

The base plate has three holes, two 5 inches in
diametér, the third 2 inches in diameter. The centér 5
inch hole is below the rotatable detector assembly and
opené into the chamber only through the 0.0202 inch by
1.25 inch slit formed by the two stainless steel beam
collection cups. The other 5 inch hole opens directly
into the chamber. Each of these holes leads from the
chamber to a gate valve, liquid nitrogen baffle, water

baffle, and standard 4 inch diffusion pump in that oxder.
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A small valve beneath the 2 inch hole provides access to
:;4 the chamber for initial rough pumping and for a McLeod
o guage used as an absolute pressure standard.
} One of the four side ports opens to a small liquid
nitrogen cold trap. This trap is.to help in removal of
pump oil, water, or any other condensable material which
might contaminate the target gas. Siﬁce it presents only
a relatively small surface area to the target gas, it;'
effect on the target gas temperature has been'ignored.
ﬁéﬂg The next side port, moving clockwise around the
H chamber, opens to the drift tube connecting the chamber
and the accelerator. The proton beam enters the chamber
through two .040 inch circular aperatures which are 10.2

inches apart. The outer aperture is a circular hole in a

thin plate of tungsten. The plate is mounted on three

i ceramic insulators, leaving space between it and the walls
i for pumping of the region between the apertures. The
current on this plate can be monitored externally, but
during data collection the plate was always directly
grounded. The second aperture is a .040 inch circulér
hole at the end of a stainless steel tube extending to

within 1.70 inches of the center of the chamber. The

accelerator drift tube opens to the chamber only through

this aperture so that differential pressures can be main-

L tained between the chamber and the drift tube.

o
o h
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When data were being collected the side pump (opening
directly into the chamber) was closed and the chamber was
filled with gas. The pump under the detector assembly
maintained‘a pressure in the rotatable assembly approxi-
mately 1/100 of that in the chambér, as measured by two
ion guages, one in the valve below the center hole and
the other opening to the chamber. The pump on the drift
tubé maintained a pressure there of about 1/500 of that in
the chamber when target gas was in the chamber.

The third side port provides a target gas inlet to the
chamber and supports the ionlgﬁage used tq measure target

gas pressures. The target gas used was "high purity"

grade specified by the manuf;cturer to be 99.995% pure.

Gas from the supply bottle was admitted'through a regulator
and liquid nitrogen cold trap into a gas storage reservoir.
This reservoir feeds the chamber through a commercially
produced leak valve which controls flow through a Monel

to silver seat. Through this wvalve the pressure in the
chamber could be manually set to any desired ion guage
reading. After reaching equilibrium, without further
adjustment, the leak would maintain a constant chamber

pressure within 2 - 5% over a period of several hours.

During the period when most of the data in this report

were collected, the vacuum system was maintained intact

for several months. Under these conditions, the ion guage
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indication of pressure (not absolute) with target gas in
the chamber was typically 5 x 10~5mm of Hg. When the leak

valve was closed this indicated pressure dropped within

two to five minutes to approximately 6 x 107 8mm of Hg.

When the side pump (opening directly into the chamber) was
‘also opened the indicated pressure would drop to 1 - 2 x

10~8mm of Hg.
3. Detector Arrangement and Geometry

The external rotation, support, and pumping of the
detector platform is illustrated in Fig. 7. The cyiinder
connecting chamber and pump was construéted to accept a
vacuum feed-through rotator which employed a stainless
steel bellows seal. This r&éator allowed rotation of an
external crank to drive the detector assembly as indicated.

The external crank was fitted with a divided circle

marked into one hundred parts and a counter to count full

turns., Calibration of the rotation gear in degrees was

‘accomplished by placing a 90° prism on top of the assembly,

reflecting a laser beam off one face of the prism, then
rotating the assembly until the lasef spot was reflected to
the same point by the other face of the prism. The angle
rotated through was then the prism angle. The‘relation—
ship was found to be 1 turn = 2,571°.

The zero angle position of the detector assembly was

determined using the ion beam by finding the maximum
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particle count rate with the chamber evacuated and the
protons deflected. That is, the zero position was taken
to be the position for maximum neutral atoms formed by
charge exchange with background gas. Counting these atoms

with a count rate meter; this position could be determined

“to within #.01 turns (.03°). The zero position was check-

ed frequently and never spontaneously varied during the
experiment. The reproducibility of any angle setting has
been taken to be *.01 turns or *.03°,

The details of detector placement are shown in Fig. 8.
A platform supporting the proton deflection plates,
deflector collection cup, quenching capacitor, and
particle detector supports ?s anchored directly to the base
of the rotating assembly.

The assembly housing has two cover plates. With both
plates removed ohly the base of the housing and the side
walls remain. The first plate covers much of the
assembly below the beam level and supports the beam
collection cups. It has a hole and sides the proper
shape to surround the deflection plates,jquench capacitor
and particle multiplier which,extend through this first
cover to beam height. The top view in Fig. 8 shows this
first cover plate in place; but the top cover plate
removed. The top cover bolts to the extended sides of the

first cover. This top cover has a hole through which the
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52,
photodetector views the quenching region. Both detectors
are attached to this top cover plate, the photodetector

by means of a saddle and clamp. The particle multiplier

is attached through its voltage divider resistors and

signal lead to the top of the tower built on the top plate

‘as a housing for the multiplier.

The plates for deflecting charged particles are ~
located between the geometry defining slits.. Baffle slits
before the deflectioﬁ plates prevent direct beam from
reaching the deflection plate spacers when the assembly is
set at angles less than 2°, where some direct beam passes
the first defining slit. \

The deflection plates were made from 1/16 inch thiék
stainless steel strips 9/16 inch wide tapered at the front
to fit the available space. These strips were bent on
circular radii of 5 inches and 5 1/4 inches. They are
held separated at 1/4 inch by the nylon spacers. As
illustrated in Fig. 8, a slot in the upper plate is
necessary in order to pass scattered particles which are
not deflected. This slot is 3/16 inch wide and 1 3/8 inch
long. A third plate was placed above this slot to pre-
vent weakening of the deflecting field due to the slot.
When deflection is dééired, a negative potential is

applied to the lower plate, while the center plate is

grounded. Originally, a positive potential, equal in
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magnitude to the negative potential on the lower plate,
was applied to the slot cover plate. However, no differ-
ence in operation of the deflection system could be detect-
ed when this cover plate was grounded, SO dafa was taken
with the cover plate grounded inside the chamber.

The potential required to défléct protons of various
energies into the collection cup was determined experi-
mentally. Fig. 9 shows the results 6f this determination.

The hole in the top plate of the rotating assembly}
through which the photodetectbr views.the quenching region,
is restricted by a 3/8 inch inside diameter washer. The
washer supports a tungsten wire screen which helps to
prevent penetration into thg photocathode region of the
electric field from the capacitor. The transmission of
this screen for white light in the visible region is .88
.01 as measured with a photo cell.

The photodetector is EMR model 641J. The response of
this detector as a function of wavelength is limited by
the LiF window to 1050A at one extreﬁe and by the photo-
cathode material to about 1800A at the other extreme, with
maximum response near the 1216A line to be detected. The
physical shape of this detector is as shown in Fig. 8.‘

The photodetector effective opéning is specified by
the manufacturer to be 3/8 inch and is approximately 3/8
inch above the washer opening. This geometry, defining the

portion of the quenching region viewed by the photo-



L U A i
ettt rwnm o n

o 5 .
LR 5 R PV PRI N0 S S P

140Q-

1200

100G

800-

600

DEFLECTION POTENTIAL (volts)

200}

Fig. 9

DEFLECTION PLATE

54.

CALIBRATION

| | i ]

2

4 6 8 10
PROTON ENERGY

\
2 4 16 8 20
(keV.)



¥

PR IEPEPIPRRSREE S

55.
detector is not restrictive, implying that the acceptance
angle for receiving photons from the guenching region is

not well defined. This construction was deliberate in

order to obtain as large a photon signal as possible. The

shape of the quenching capacitor, electric field strength,

"and radiation of photons along the axis of the capacitor

are discussed in Appendix A.

The particle detector is a modified 14 stage Fair-
child-Dumont electron multiplier with Cu-Be dynode
surfaces. The modification-ié the removal of the target
dynode, using the first multipiication dynode as the
target. This modification allows the drientation of the
multiplier to be at right angles to the direction of '
motion of the particles detected, rather than along this
direction as originally required. This modification was
necessitated by the iimit of space in the rotatable
assembly.

The scattered particle acceptance geometry is defined
by two slits. The first slit is formed.by the edges of the
stainless steel beam collection cups which are milled to
a knife edge. These cups ride on teflon strip insulators
and slide along the extended sides of the first cover
plate. They are slid forward until ngérly touching and

are then clamped in place. The slit width was measured

after each assembly with a traveling microscope. All of
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the differential (in angle) data in this report were taken
with this slit at .0202+,0002 inches.
The collection cups could not be directly biased
because the electric field would cause quenching decay of

the 2s state to be detected. However, at the small angles

-used the direct beam strikes a cup near the front, gener-

ating secondary electrons. In order to collect as many of

these secondary electrons as possible, a plate was
isolated inside each collection cup and biased at 67 1/2
volts. Current on this plate was added to that on the cup.
A baffle plate was extended across the opening of each

cup. These grounded baffle plates allowed entrance of

the direct beam, but helped,prevent secondary electrons
froﬁ escaping into the chamber and helped to contain the
electric field of the bias plates in the cups.

The second scattered particle geometry defining
element is a rectangular aperture. This aperture was
formed by drilling a 0.150 inch hole in the front plate
of the quenching capacitor, then maskiné the hole with
two thin pieces of stainless steel. The masking pieces
were set nominally at .040 inches separation and were
measured to be separated .0398 +,0001 inches. The result-
ing aperture is nearly rectangular with the height of the
rectangle being taken to be the height which would give a
rectangular aperture of the same area as‘the true hole.

This height is 0.1467 #.0005 inches.
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The resulting scattering geometry is illustrated in
Fig. 10. The total spread of acceptance angle, 249, is .67
degrees. The product of beam léngth and soiid angle must
¥¢“ be evaluated.i A small length of beam,:d, is subtended by
the entire area of the rectangulgr aperture. However,
_additional parts of the beam length are subtended by only
a portion of this second defining element, due to the first

. slit obstructing the second aperture.

A simple formula was obtained by Jordan and Brode4?

for evaluating the effective product, (LAQ)go¢¢ for such
~geometry. This formula counts approkimately half of the
beam length which is viewed'by only part oflthe rectangu-
lar aperture. Referfing to Fig. 10, the tota; solid

angle subtended by the rectangular aperture is

TQ AQ = W2h2/R2. If only one of the partially viewed beam
segments is counted, take lefsz" By similar triangles,

with the triangle base approximated as L' sin 6,

Wy L' sin © . s ' RW4
¥ R giving L' = g—3q 8

1
]
_‘i where R and 6 are approximate. (These approximations are
j .
1

satisfactory only for ¥Y>>W;, and Wo.) . With Similar

approximations this same result can be obtained by

including only the other partially viewed beam segment.

Finally,

L (LA9)

, - Tt = WiWoho
) off = L'AQ 1

YR sind

B is identical to the formula obtained.by Jordan and Brode.
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This formula will be least accurate at small angles
(6) . A numerical evaluation of (2AQ) ¢g, for this same
geometry by R. H. McKnight50 shows that the above formula
agrees with more exact evaluation to within 1.5% at 19.

(The numerical evaluation is for a beam of no thickness.)

Because of this good agreement the simple formula was used

throughout.
For the geometry used: -

Y = 4,985 +,016 inches (12.66 cm)
R = 5.625 #,020 inches (14.29 cm)
Wi= 0.0202 *,0002 inches (.0513 cm)
W,= 0.0398 *,0001 inches (.1010 cm)
hy,= 0.1476 *.0005 inches (.3727 cm)

so that

y -5
(2A9)eff - l.OggnxelO cm

According to the qguoted errors in the measured
quantities, the product (2AQ).gf should be accurate to
about 2 - 3%. However, a critical factor has not yet been
mentioned. It is important that the first geometry
defining slit be centered on the line from the center of‘
the rectangular aperture to the center of rotation of the
assembly.

This alignment of the geometry was accomplished by
directing a laser light beam down the drift tube into the
chamber through the circular beam defining apertures. It

was readily verified that this laser beam did pass over the
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rotation center. The rotating assembly was set so that
the laser spot fell on the center of the rectangular aper-
ture serving as the second scattered particle defining
aperture. The first defining slit was then set by move-
ment of the collector cups as described. This first slit
was as nearly as possible centeréd on the laser beam.
However, the uncértainty in the lateral plécement of this
slit relative to the laser beam was about *.004 ihches.
This error was determined by moving the rotatable assembly
and attempting to reset it with the first slit centered
on the laser beam. The angular error in this resetting,
times the distance from the scattering‘center to the first
slit, gives the error in the/lateral placement of the slit.

A slit placement error of .004 inch corresponds to an
error in the angle, 6, of approximately .05° at 19, and a
smaller error in 0 at larger angles. This erfor is
slightly larger than the estimated reproducibility of any
angular setting. Further, it is a systematic error
rather than random. An error of .05° at 1°© would give an
error in a Rutherford cross section (the angular dependence
is 1/sin* (8/2)) of about 20% at this angle.

Since this error is positive on one side of zero and
negative on the other, it should be observed as a
systematic difference inAthe observed cross sections

measured at positive and negative scattering angles.



T e i e

61.
Indeed such a systematic difference was observed (see Fig.
20.) This systematic difference was not well established
due to scatter in the data and failure of one collection
cup to maintain stable collection efficiency at small

angles. However, using the right (negative angle) and

.left (positive angle) observations of E%EEEE£ and

d

do2s '
g — for protons on argon at 6T = 20 kev-deg., a

correction factor was constructed. Since one collection
cup was more stable at low angles than the other, all of
the remaining data was taken to the leftjof zero and
corrected by the constructed cofrection factor which
varied linearly from 11% at 1.0° to 3% at 2.0°, beihg
neglected for higher angles.

Another problem arises in the measurement of differ-
ential cross sections with apparatus having a finite
acceptance angle such as just defined. The cross sectiohs
to be measured behave basically as a Rutherford cross
section, that is the dependence on angles is 1/(sin"* 0/2).
Thié is a very rapidly varying dependence so that at
small angles the acceptance of a finite spread of angles
implies that the observed cross section is averaged over
a region where the contribution from the lower part of the
acceptance angle will be significantly greater than the
contribution from the higher angle portiQn. The problem

is to unfold the apparatus function and the true cross
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section.

This deconvolution has not been performed for the
present data. The difference between thé réal cross
section and observed cross section is expected to be

significant only at the smallest angles. R. H. McKnight50

‘has numerically evaluated J/f§§§7—675 for the geometry of
AR

the presént apparatus. This includes the angular deggnd—
ence of the cross section in thevevaluafion of the appara-
tus geometry functioﬁ. The results indicate that the
observed cross section may be as much as 25% higher than
the true cross section at 1°, bﬁt that the discrepancy

has reduced to about 4% by 20.

A thorough deconvolution of apparatus function and
cross section may not be justified due to additional
problems at low anéles. At angles less than 2.0°
part of”the primary beam misses the collector cup edge
and enters the detector assembly (as mentioned previously).
This allows for the possibility of priﬁary beam particles
deflecting from the first defining slit edge through the
second aperture onto the particle detector. 1In practice,
for angles near 1°, the apparent'magnitude of the
scattered particle cross section could be changed by almost
a factor of two by deliverately focusing the beam for
maximum apparent scattering. This diffiéulty probably

arises from the combination of beam profile distortion
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and reflections from the first defining slit. Some of the
apparent increase could be subtracted out as background
since it remained after gas was rémoved from the chamber.
In order to minimize geometrical difficulties, data

were taken in the following manner. The beam was focused

- for maximum current with the detector assembly at a large

angle where the beam went deep into the cup. The ratio
between this true intensity and the intensity at the’barti—
cular angle of interest (where some beam miéht pass into
the detector or appear diminished Ey loss of secondaries)
was measured. Without refocusing, data was collected
for gas-in the chamber and for backgouﬁd or gas-out of
the chamber. The beam intensity ratio (or collection
efficiency) was remeasured. (This collection efficiency
ratio was observed to vary by as much as 5% between post
and prior measurements.) Data taken in this manner was
reproducible to better than *15% even at the lowest éngles
(near 1°).

The quantities Ppg and P, are not affected by the

preceding geometrical problems since the geometry factors

are identical for the numerator and denominator of these

fractions.
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IV. AUXILIARY MEASUREMENTS
A. " Pressure

The pressure in the scattering chamber was monitored
throughout the experiment by a Bayard-Alpert type ioniza-
tion gauge. A Consolidated Vacuum Corporation model
GIC-017 gauge and model GIC-110B control circuit were used.
The emission of ionizing electrons from the filament was
conérolled at 2 milliamps (well below the manufacturer's
‘standard of about 7 milliamps). The original gauge failed
before completion of the experiment, so that two different
gauges were used.

The ionization gauge was considered to be an adequate
and stable indicator of the relative pressure, but was
calibrated against a McLeod gauge to obtain absolute
pressure values. The McLeod gauge employs Boyles law to
measure low gas preésures by compressing a known volume
(at the pressure to be measured) into a small capillary and
measuiing the pressure in the capillary. The pressure in
the capillary is determined from comparison of heights of
columns of mercury, one compressing the gas in the capillary
and the other in an identical capilléry'open to the
system at low pressure. The particula; gauge used was a
commercial model produced by Consolidated Electrodynamicé
Corporation. It operated in the pressufe range 1 x 10~7

to 2 x 107 3mm of Hg by compressing a volume of 2210 cm?®
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into a capillary of .0533 cm diameter.
The gauge was connected to the system through a
liquid nitrogen cold trap by 1/2 inch copper tubing and
glass tubing of approximately the same diameter. The total
'1eng£h from the gauge bulb to the chamber was about 5 feet.
Such gauges are subject to é number of systematic
errors. Thevmost significant is the Gaededl (or Iishi®?2)
effect. Mercury from the reservoir streaming toward the
cold trap between the gauge and ﬁhe system carries gas of

which the partial pressure is to be measured with it.

‘There are two established techniques for reducing this

effect. One is to restrict communication of the mercury
reservoir with the vacuum system with an orfice. This
requires modification of the gauge and wés not attempted.
The other technique is to cooi the mercury reservoir thus
reducing the vapor pressure of the mercury;

For the present measurements the mercury reservoir
was cooled to approximately -15°C by dry ice. The
observed pressure difference between‘the cooled and
uncooled McLeod Gauge for Argon gas was approximately 1l6%.
This was found to be in reasonable agreement with the
measurement and calculation of deVries and Rol33. It.is
assumed that not more than about 2% error remained due to
this effect, For helium gas the Gaede effect is much less

significant.
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Thermal transpiration can cause systematic errors
when a cold trap is used or when the mercury resevoir is
cooled®3+¢%4, This source of error is dependent on the
dimensions of the cold trap, as well as the temperature

difference between gauge bulb and chamber. The

.dimensions of the cold trap were such as to minimize any

error due to the presence of a trap. The bulb of the
gauge was partially cooled indirectly when the mercury
resevoir was cooled. Assuming a bulb temperature of 0°C,

chamber temperature of 23°C, and the law of thermal

transpiration, Py T1

P, VT
the error in the pressure would be 3.5%. The law of
thermal transpiration is not always obeyed53. The
correction estimated represents a maximum. Since this
error is not exactly known, but is estimated to be less
than 3.5%, it has been ignored in the'present work.

A further source of error is a possible difference
in the depression of the mercury in the two capillaries
due to surface forces. There are techniques for reducing
this "sticking" of the mercury in the capillaries, such as
roughening the capillary surfaces with acid. According
to the manufacturer éﬁe gauge used has been treated to
reduce sticking. Some authors report "tapping" the

capillaries to overcome sticking. We found that such
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tapping was necessary for the gauge used in order to
reduce random errors. The relative depression of the
capillaries can be checked experimentally as described

by Ccarrd4. 1f very low vacuums are attained the capillar-
ies can be compared directly. No systematic difference
_in the capillafy depression was found for the gauge used,
but several attempts at measuring it reveal that the
sticking of ﬁhe mercﬁry in the capillaries may be the main
source of random error in the measurements.

An example of the data for calibration of the ion
gauge to the McLeod gauge is shown in Fig. 11. The ion
‘gauge, as operated, gave values about a factor of 30 lower
than the true pressure for helium, and ébout a factor of
8 low for argon.

The overall systematic errors in the pressure
measurement should be less than #7%. Adding to this the -
random errors and possible changes in the ion gauge, the
measured pressures may be as inaccurate as *10%, in spite

of the considerable care taken in these measurements.
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Fig. 11
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B. Beam Profile.

An attempt was made to check the profile of a beam of
4 keV protons by counting particles and 2s photons as a
function of angle near zero degrees detector setting. A

reasonably steady beam of 6 x 107ll amps was obtained. The

-number of 2s photons, neutral hydrogen afoms, and total

particles (protons and hydrogen atoms) were counted for
gas in the chamber and with the chamber evacuated (s;é Fig.
12). “

With the chamber evacuated, the beém:(total particles)
was very well defined, cutting off at detector positions
41.58 and 41.92, corresponding to © = 0.46° and 6 = -0.45°,
if zero angle is taken to be 41.76 as previously measured.
The counting rate inside these limits quickly rose above
the-response of the electronics. With the chamber evacu-
ated some small reproducible peaks were found in the 2s
photon, and neutral intensity. For the photon case, these
results for gas out of the chamber are shown in Fig. 12.
These small irregularities are probably due to reflections
from the first scattered particle defining slit edges.

With argon gas at a pressure of 3.4 x 10" %mm of Hg in
the chamber, these small irregularities could not be seen.
The 2s photon signal (derived from the difference of quench-
on and quench-off time integrations) is shown for gas in

the chamber. The shaded extremities of the peak represent
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the photons from atoms which have undergone charge
transfer and have been scattered out of the direct beam.
These represent only about 7% of the total. This informa-
tion will be used in the photodetector calibration. The
fraction of atomé formed by charge transfer and scattered
out of the beam should decrease Qith increasing energy due
to the necessity of imparting greatér lateral momentum for
the same angular displacement. The differential cross
section varies as 1/T? where T is kinetic energy. At
energies above 4 keV fewer atoms will be scattered out of
the beam. |

From Fig. 12, the zero position of the detector assem-
bly is seen to be 41.76 +.01. The beam defining geometry
and calibration of angular éésition to reading of the
crank position have been mentioned. The beam definiﬁg
apertures allow the maximum angular divergence, *A8, of
the beam to be +1/4°. This would allow a beam width of
0.105 inches at the second scattered particle acceptance
geometry defininglaperture. Since the beam incident on
the beam defining apertures is nearly parallel, it is
expected that the true beam width would be smaller. Fig.
12 illustrates that the full beam width (with chamber
evacuated) is 0.35 turns (0.83 degrees) which is a beam
width of .049 inch at this second scattered particle
defining slit. The minimum beam width expected is the

.040 inch diameter of the beam defining apertures.
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Fig. 12
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C. Photodetector.

1. General Operation.
Both the photodetector and the particle detector were
electronically connected as pulse couhting devices. 1In the

case of the photodetector, the photocathode was held at

ground ébtential while the anode of the multiplier was at

positive high voltage (see Fig. 13). Pulses of charge at
the anode generated a transient voltage in a 10 megohm
resistor (outside the vacuum system) between the high
voltage supply and anode. These voltages pulses were
passed by a blocking capacitor (blocking the high voltage)
to a preamplifier of the type described by Edwards®> and
referred to here as the nuvistor preamp. The only modifi-

cation of the original preamplifier design being the

addition of by-passing capacitors between the preamplifier

bias voltage and ground, to reduce electronic noise arising
from the coupling of the preamplifier to the preamplifier
bias voltage supply. The output of the‘preamp was
proceésed by a Hémmer model NA-15 amplifier-discriminator
and recorded on a scalér.

The photodetector was operated with 3000 volts applied
between tﬁe photocathode and the anode. .This applied
voltage results in a gain for the»multiplier of about 6 x
10°¢. |

Electronic noise from preamplifier operation, line
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Fig. 13
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voltage transients, and other sources had to be mini-
mized and discriminated against. 1In the angularly differ-
ential measurements, frequently only a few photon signal

counts per minute were received. Therefore electronic

‘noise from operation of other equipment in the laboratory

had to be eliminated. To minimize these noise problems,

amplification and discrimination were selected for most

noise free operation rather than maximum transmission of
pulses.

Fig. 14 shows the distribution of photon pulse heights
after amplification. This measurement was made with
10 keV protons incident on argon target gas. The pressure
in the chamber was held constant and a constant total beam
charge was collected for each data point. The discrimina-
tion setting indicates the minimum pulse height (approxi—
mately in volts) which is passed by the electronics and
counted. For a stable and noise free operation the ampli-
fication chosen in the NA-15 amplifier was the lower value
(coarse gain 1/8, fine gain 1.0). The discriminator
setting used throughout the data collection was 1.0. For
this operation, the detector dark current was about 15 -
20 counts per minute being distributed in pulse height
similar to signal pulses.

From Fig. 14 it is seen that for the selected opera-

ting conditions only about 2,700 of approximately 4,200

‘available signal counts are transmitted by the electronics.
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tungsten wire screen between detector and the quenching

determining the quantity ep. The manufacturers specxflca—

“76;y_:AH
The electronics transmission factor is thus about 0.64.
Using this transmission factor along with (manufac-
turer's specified) photodetector quantum efficiency of
16%, the fraction of 41 solid angle viewed by the photo-

detector, and the 0.88 transmisSion factor for the

region; it is p0551ble to determine what fraction of the
total available photons are counted ThlS factor lS’the -~

€p defined in section III. The solid angle was taken to

be the area of the spe01f1ed photodetector effectlve.uﬁ

opening (3/8 inch diameter) leided by the distance )
squared from thlS opening to the scattered particle beam
(17/16 inch). The resulting valve for ep is 6.8 x 10'4.

For several reasons, this value was not accepted as

tion of quantum efficiency is not con51dered satisfactory A_

as it may change and the method and conditions of deter—

mination are not precisely known or controlled by the |
experimenter. In order to obtain as much of the'availablehhin
signal as possible the'nhotodetector_éeometry is gross andf:
not well defined. The determinationwof the electronics
transmission factor isinot precise." A |

2 Efficiency - Normalization to Previous Measured
" Total Cross Sections for Transfer to H(2s).

It was decided to establish a value for ep by
measuring the total (all angles) cross section for charge

L5 el




"and measuring the number of forward scattered H(Zs) atoms.

of the particle multlpller was taken as the 1ncrdent beam

ﬂ‘takes place, must be spec1f1ed for total transfer h"

:measurements. This length was measured to be 2. 42 1nches. ‘

77.
transfer to the 2s state of hydrogen in proton-helium

collisions and normalizing the result to previously

published cross sections.
This measurement was accomplished, as mentioned, by

setting the detector assembly at the zero angle posrtlon, |

The proton beam at the collectlon cup Whlch was 1n place,

All atoms formed by charge transfer to the 25 state and

not scattered out of this deflned beam passed through

"x

the quenchlng region and could be detected. Durlng these

measurements the width of the. flrst Sllt deflnlng the

assembly acceptance geometry was set at 040 1nch

The length of target gas, in which charge transfer

§ 77_". b o

Effusion of the gas through the lncomlng beam aperture and
the openlng into the detector assembly can result in an
effective addition to this lengtn. ThlS effu51on 1sanot
expected to extend beyond approxlmately the dlameter{of

the openlng356 57, This addltlon glves an effectlve length'_.

of 2;50 inches (6.30 cm).
The measured total cross section for 2s charge trans—.
fer for protons on helium was’ normallzed to the results of

53

Jaecks, et a131l ana Andreev, et al33, at the 1n01dent
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energy of 16 keV where the two published measurements are

in best agreement. (Available results of Colli, et al?2
and Dose®8 have not been used due to questionable normal-
ization and the results of Ryding, ef al®9 are out of the
present energy range.) The result is illustrated in Fig.
.15, This single point normalization was chosen over a

many point normalization which could have compensated for
any systematic errors. The value obtained, by this -
normalization, for ep is 6.4 x 10~4 (within 6% of the

value of 6.8 x 10™4 obtained using quoﬁed guantum efficiency
for the detector and other measured quéntities).

The cross section for transfer to the 2s state of
hydrogen from proton-argon collisions was also measured.
Using the normalization determined from the helium
measurement, the argon results are compared to other
published results (including those of BayfieldGo) in Fiqg.
16. The results show favorable consistency, since all of
the present data are within the absolute errors quoted by
the previous investigators.

In both helium and argon cases the slope of the cross
section as a function of impact energy appears slightly
greater for the present data than for other measurements.
The present data has been corrected for the changing with
particle velocity of the fraction of total 2s atoms decay-
ing within the length of quenching region viewed by the
photodetector. This correction has an adverse effect on

the slope disagreement (Appendix A).
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Fig.15
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Fig. 16
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There are additional possible sources of systematic
error in the normalization which are more ellusive and for
which correction has not been made. These include: 1.
differences between the several invesﬁigators in the polar-
ization of the quench induced radiation (Appehdix B).,

2. dguenching of radiation before the viewed region due to
extension of the quench field through the scaétered
particle acceptance hole (Abpendix A), 3. differences
between present and previous investigators in contribution
of cascade from higher hydrogen states to the 2s state
(Appendix C), 4. the loss of atoms scattered out of the
beam in the present experiment.

Because of normalization, any errofs ih the present
data which do not change with energy or angle will not
appear in the results for any measured quantities depending
on photon detection. However, an error in measurement of
total cross section for transfer to H(2s) which does not
appear in the differential (in angle) measurements will
lead to an error in the quoted magnitude for Prg ané

do ;
—aéi . The error due to failure to count atoms which

undergo transfef and are scattered out of the primary beam
is such an error. .

The fraction of hydrogen atoms formed in the 2s state
by transfer and scattered out of the beam has been

established to be about 7% for protons on argon at 4 keV.
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As mentioned, this fraction is a maximum at low energies
because of the 1/T? (T is energy) dependence of the
differential crsos section. Since the dharge transfer
fractions, P, and Pyg, are smaller for ﬁelium than for

argon, the fraction charge transfefed and scattered out of

-the beam should be smaller for helium than for argoh.

Thus the fraction of atoms formed by charge transfer and
scattered out of the beam is.at most about 7%. Sinc;/the
normalization of the total cross section for transfer to
H(2s) is at 16 keV, the error in the photodetector
normalization éénstant may bé expected to be about 3 - 4%.
This error has been neglected.

Two of the other sourceé of systematic error could
have an influence oﬁ the magnitude of the photodetector
normalization constant. The polarization of the quénch
induced radiation is discussed in Appendix B. This
polarization will affect the measured values of cross
sections. The polarization iﬁ the pfesent data should be

133 which was used

nearly the same as that ofAAndreev, et a
for normalization. The polarization of the data 6f

Jaecks, et al3l has not been determined, but the normaliza-
tion is at a point where the‘total cross section for trans-
fer to H(2s) agrees with that of Andreev, et al. No
correction of the normalization for polarization has been

made. The calculations of appendix B indicate that there

may be an overall error of 8% in the cross sections
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of Andreev, et al used as normalization standards as well
as in all of the present H(2s) data. The difference,
between present work and that used for normalization in the
contribution of cascade to the population of H(2s) at the
detector is discussed in Appendix Q. The estimated differ-
ence is about 2 to 3%. This error has also been neglected.

Some of the possible systematic error sources could
have a small effect on the slope of the present data (as a
function of Energy). The change with energy of the fréction
of H(2s) scattered out of the primary beam could affect the
slope of the total cross sections for transfer to H(2s), but
only by about 3 -~ 4%. (The differential-in-angle measure- |
ments would not be affected.) The loss of H(2s) due to
prequenching by the electric field extending through the
entrance aperture of the quenching capacitor is estimated
in Appendix A. Again the possible change in the fraction
lost with Varying.energy, should only be about 4%. (In this
case the differential measurements would be affected in the
same way.) These small errors affect the slope of the
total cross section for transfer to H(2s) in the same
direction~ greatest loss at lowest energies. However, the
slope discrepancy introduced will not be quite as large as
the apparent discrepancy between present and previous
investigators (Figs. 15 and 16).

Even though this difference in slope of the cross

sections may lead to similar error in the measurements of
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differential transfer to the 2s state, the problem is not
considered to be serious. The stated absolute value of the
various measurements used for normalization and comparison
are: +40% by Jaecks, et al; %20% by Andreev, et al; #55%
by Bayfield. The differences between present data and
previous investigatprs are withiﬁ theée,errors throughout
the region. Further, the discrepancy between preseht data
and that of otherlinvestigators%is not significantly —
different from the discrepancies among the other invest-
igators.

The absolute uncertanty of the value of.ep is taken
to be about 30% in accord with errors stated by the previous
investigators. | ) | \\

Two different photodetectors, of the same model, were
used in the course of the experiment.' All of the total.ZS
transfer cross section measurements were made with the
first detector and preliminary differential 2s cross
sections were measured and reportedGliwith this first
detector. (These reported preliminary measuréments were
not corrected for any of the quench related errors.) After
a loss of vacuum accident, this first deteétor detériorated
and had to be replacéa. The second detector was used to
take'all of the differential measuremeﬁts reported here and
was normalized to the measurements made with the first
detector. The values of €p mentioned above, are all for

this second photodetector.

The efficiency of the photodetectors used was stable
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throughout the data collection period except for an abrupt
change in the apparent efficiency of the second photo-
detector. This change occurred suddenly and definitely
appearing as an apparent change in €p from 6.4 x lO.4 to
4.8 x 1074, Aan attempt was made to trace this change to
electronic failure in preamplifief, amplifier, or discrim-
inator. It was finally decided that théiéhange was a real
change'in the photodetector. The detector continued to
operate in a consisteqt manner for several months after
this change, and with theuadjustment of ep gave results

consistent with those previously obtained.

D. Particle Multiplier Characteristics.

1. General Operation.

The electronic arrangemeﬁt for the particle multiplier
was identical to that of the photodetector (Fig. 13). ‘This
multiplier has 13 stages with‘particles incident directlyr
on the first dynode of the multiplier. The Voltage divider
resistors used were one megohm, but all chef cqmpohgnts in
‘thé parficle detection channel were duplicates of those in
the photén detection channel. The integrator controlled
coliection of.data in both channels simultaneously.

The gain of the particle multiplier is not precisely
known but was considerably less than that of the photodetec-
tor. The pulses from the pafticle-multiplier were less
favorably distributed in amplitude thén‘the phoﬁpn pulses,

being grouped at small amplitudes. The pulse height’dis—
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tribution changed with time, as illustrated in Fig. 17.
This change is indicated by the steeper slope of the pulse
height curves, even with increased electronic amplification
or increased applied volﬁage.

This deterioration may have been due to several
factors. The bare multiplier was exposed to atmosphere for
a total time of approximately 10 hours during installation
and periods when the vacuum system was open for modifica-
tions. Prolonged equsﬁre is known to alter the multiplier
dynode surfaces. The bare multiplier in the chémber was
exposed to minor changes in environment from use of
various target gases, but it was in a vacﬁum of 1 x 10~ 4mm
of Hg or lower throughoutrthe data collection period. The
multiplier was continuously é&posed to count rates near
50 kHz for periods of several days. For brief periods the
multiplier was exposed to even more intense signal,.for
instance during checks of beam profile or zero angle
position. Use of the multiplier was intermittent between
June and October of 1969 when most of the change in pulse
height distribution occurred. Between October 1969 and
Ap:il 1970, when most of the presented data was collected,
the multiplier was used approximately 60 hours per week.
However, during thiS'Qeavy use period the pulse charac-
teristics were reason;bly stable so that the apparent
multiplier efficiency was constant.

The nuvistor preamp and model NA-15 amplifier were
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Fig. 17
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used for the present data. The operating parameters,

applied voltage and selected amplification and discrimina-
tion, are indicated on Fig. 17.
During the entire period, the same multiplier with

different pulse processing electronics was used by R. H.

McKnight in measurement of the quantities P2p and dgép

for charge transfer to the 2p state of hydrogen as well as
Po and g%%QEEl. This experimentvrequired measurement of
photons from the collision centerlin coincidence with the
fast scattered atoms formed by charge transfer. The |
timing requirements of the coincidence-technique dictated
the nature of the pulse handling electronics (see ref. 50).
Pulse height distribution with the electronics of this
experiment are shown in Fig. 17, for comparison and
because these electronics were used in‘the measurement of
the particle multiplier efficiency.

2. Efficiency.

A unique method of measuring the particle multiplier
efficiency was used®2. The techniéue employs a coincidence
measurement between the photohs from the guenched 2s atom
and resulting ground sta£e hydrogen atoms. This technigque
is similar to that uséd by Christofori, et”a163;(general—
ized by Sheridan64) employing photon-photon coincidence to
measure efficiency of photodetectors. Fof the present
apparatus arrangement (Fig. 8), all of the particles passing
through the quenching region strike the particle multiplier.

Those atoms in the 2s state which emit a detected photon
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must also strike the particle multiplier. If an atom which

emitted a detected photon is counted by the multiplier,
the two pulses will have a definite time relationship and
can drive a standard coincidence médule. The ratio of
coincidence counts to total photon counts for the same
collection period is a direct measure of the efficiency of
the particle multiplier for detection of hydrogen atoms.

Using this coincidence technique, the efficiency of
the particle multiplier was measured as a function ofﬂinci—
dent proton energy. The schematic arrangement of the
coiﬁcidence circuitry is shown in Fig. 18. The pulse
processing electronics used were those of the coincidence
experiment for measurements of the 2p state. The
electronic parameters were set as indicated in Fig. 17.
The number of photons from the 2s state was determined
from the difference of two runs, one with the gquench capa-
citator at high voltage and one with it grounded. The
numbers of accidental and accidental plus real coincidences
were also appropriately subtracted. (The accidental rate
was quite small since the total signal in the photon channel
was small.) Several angles of scatter were ﬁsed, but the
variation of ﬁultiplier efficiency was found to be a
function of particle velocity only, as.expected.

The results are presented in Fig. 19. The coincidence
measurement of efficiency is, naturally, for neutral
hydrogen atoms only. As a check, the efficiency was deter-

mined by a separate technique. From the total particle



PHOTO

MULTIPLIER

[

Fig. I8

SCHEMATIC FOR COINCIDENCE MEASUREMENT
OF PARTICLE MULTIPLIER EFFICIENCY

90.

PREAMP ACCIDENTAL +
ORTEC TOTAL PHOTONS REAL
109 PC J CO‘TNTS
DDL TIMING TIME OF COINCIDENCE
AMP SCA FLIGHT MODULE
HAMNER HAMNER| DELAY HAMNER
NA-12 NC-14 ‘ NL-16
FIXED
DELAY
DDL TIMING J COINCIDENCE
AMP SCA L MODULE
HAMNER| | HAMNER HAMNER
NA-12 NC-14 | NL- 16
PREAMP ]« l |
ORTEC TOTAL PARTICLES ACCIDENTAL
109 PC ONLY
\L COUNTS
PARTICLE
DETECTOR




e e s

EFFICIENCY (%)

ry

N

S

Q@

91.
Fig.19
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counts (protons plus hydrogen atoms) which were collected
during the efficiency measurements, the total scattering
differential cross section can be obtained for each angle
and energy. This cross section can. also be obtained from
classical scattering theory such aé presented in section II.
Using the calculated cross sectioﬁ obtained from the work
of Dosel0, the apparent particle detector efficiency for
detecting the mixture of protons and hydrogen atoﬁé -
(scattered from protons on argon) was obtained from the
ratio of measured to calculated differential.cross'sectidns.
These results are also shown on Fig. 19. |

Experimental error is represénted by thg error bars.

In the coincidence measurement of the efficiency the only

errors are in the electronic losses and statistical uncer-

tainty of the subtraction process. The coincidence measure-
ment ‘has been correctéd by 15% for pulse iésses due.to pile
up of counts at the high count rates used (near 100 kHgz),
and for "flattopping" of pulses which»destroys the cross
over timing fidelity. The efficiency determined by
comparing the scattered particie intensity with that pre-
dicted by classical theory involves experimental errors in
target gas pressure,.beam collection, and geometry. No
error for the claésically calculated cross section ha§ been
included. The value of the coincidence measurement of
efficiency is its independence of any other measured or

calculated quantity.
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The excellent agreement of the two independent
measurements gives credence to the coincidence technique.
The agreement also supports the assﬁmption that the
efficiency of such detectors is the same for hydrogen atoms
and protons of the same velocity,‘since the measurement by
comparison of cross sections is for detection of a mixture
which awverages slightly more protons than atoms. This
equality of detéction efficiency has been aésumed and 7
substantiated in eiperiments such as those by Everhart,
et al®> and is supported by other inveétigations of surface
guantum efficiency for production 6f secéndary electrons
by atoms and ions in various cﬁarge states66,

The efficiency results for this particular multi—\
plier are considerably lower than the 80 - 100% values
frequenﬁly assumed or measured for such detectofs. The
values obtained may be influenced by the peculiar construc-
tion and history of this particular detector.

The problem in the present exéeriment was not to
obtain high efficiency, but rather to limit the pérticle
channel count rates to levels which could be handled by

the electronics. The electronics used for measurement of

N

primary gquantities (Py, Pyg, 2;25, dZSOtal ) began to drop
counts due to pile uﬁfat a counting rate of about 50 kHz;
all data reported is for count rates lower than 40 kH,.

The coincidence electronics began to drop significant

numbers of counts near 70 - 80kHz, but could be operated
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with corrections at rates up to 100kHz.

A conflict arises in the measurement of P2g by the
‘;;. method employed. When the count raté in the photon channel
o is sufficiently high for ease of measurement, the count
rate in the total scattered particle channel is too high
to be handled by the electronics.‘ An elecﬁronically
manageable particle count réte will correspond to a higher

photon count rate for lower particle counting efficiency.

o R KA ek o S <t e i

Thus the conflict is reduced by low counting efficiency,

such as that for the multiplier used. Low counting
efficiency is desirable in this experiment, as long as
that efficiency is well known.

~ Since different preamplifiers, amplifiers, and dis-

.

i criminators were used for measurement of primary quantities

f (Po, Pog, ggtotal ) than for measurement of the particle

' multiplier efficiency, it was necessary to determine the

N B e e s

relationship between the two sets of electronics for the

number of pulses transmitted. In order to find this

et e AT w3

relationship, the number of scattered particles was

measured with the multiplier supplying pulses to each set

€Fo
R

3

of electronics. All other experimental parameters
‘.h (pressure, number of incident protons, etc.) were held as

P nearly constant as poésible between trials with the two

different sets of electronics. With this procedure, the

e,

efficiency of the multiplier with the electronics used in

measurement of primary quantities was established to be

s.on
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0.486 of the efficiency determined by the coincidence
o technique. The accuracy of the final efficiency values
‘ d()'tota]_ . .
§ used to calculate P5g and —g——— 18 est?lmated to be *10%.
*/2:
|
ﬁ -
i
|

EI




D e b bt oy Bt i <

i o LR T Vet S

[P, Y

96.
V. RESULTS AND DISCUSSION.

A. Total Differential Scattering.

Figures 20 - 24 show comparisons of present
experimental results and classical calculations from wofk
of Bingham/ and'boselo for total differential scattering
of protons from helium and argon. These cross sections

are for ‘the total scattering 1nclud1ng elastlc, inelastic

and charge changing processes.

' The measurementé'were madeAin three different modes;
with the scattefing angle fixed, with the iacident enefgy
fixed, and with the product of incidenﬁ energy and |
scatteringiangle fixed. With the scattering angle fixed,
the impact parameter varies with changing incident eneréy.
With the impact energy fixed, the impact parameter varies
with scattering angle (for»this mode the values‘of impact
parameter displayed are obiained from the wark of Dosel0).
With the product of scattering angle and inéident‘energy :
(6T) fixed, the impact parameter is nearly constant. This
last mode is best suited for analysis of the phy31cal
problem,

The background (gas-out of chamber) signals for total,
scattering were typical of background signals of all
measured‘quantities. Background signals were relatively
higher for helium cross sections than for argon, since the
actual (gas-in) scattering is mucﬁ smaller due to the

smaller cross sections. For argon the gas-out signal was
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usually less than 2% of the measured signal and always less
than 5% for data collected as described at the end of
sectiqn III. For helium at angles less than 2.5° the total
scattering background was frequently as high as 10 - 15%
and varied someWhat with beam focusing. As previously
mentioned much of this backgiound'was atéributed to scatter-
ing from the first geometry defining slit. For heliﬁmAat
angles less than 2.5°, background was always subtrécted.

The accuracy of’the total differential scatieriﬁg
cross sections are influenced Ey the following'factors:
target gas pressure, particle}multiplierAéfficiency, so}id
angle of acceptance geometry, beam colleétioﬁ-efficienéy}
angle setting accuracy. These factors have all been
discussed in sections IIL ana IV. The sqguare réot of‘ﬁhe

sum of the squares of these contributing factors gives an

-estimate_of +15% for the absolute error in these cross

sgctions for sCattering angles‘greater than 2.0°. Below
2.0° the angle setting and beam pollection become more
sensitive. At these small angles additiénal problems of
scattering of direct beam from the first geometry defining
slit and large variation of the cross‘section over the
range of acceptance angles contribute to fhe error (see
section III.). The absolute accuracy of these total
scattering cross sections is estimated to be +30% for
scattering angles between 1 and 2 degrees, The error bars
displayed on the figures are standard deviations of six

or more trials of a particular data point and thus
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represent reproducibility only.

Figure 20 displays the differential cross section for
transfer to H(2s) as well as the’t?fal differeﬁtial scatter-
ing cross section from protons on argon at éT = 20 kéV'Deg-
Measurements for both positive (left of zefo) and negaﬁive
(right of zero) scattering angles‘arelshown.‘ The_coﬁsiéﬁent
positive to negative difference in'measuréd cross séétiéﬁ
was used to construct a correction factor fof the remain-

der of the data which wés taken at positive scattering
aﬁgles only (see section I11.).

The values for bofh of the classical calculations
shown on tﬁe figures required graphing the published
results and extrapolating between calculated points to"
obtain cross sections for .thé particular values of 6 and T
desired. -The accuracy of this prbcess.is estima£ed to be
+5%, | | |

The cross’sections calculated from 'the work of:
Bingham and Dose have been transforméd from the centér of
mass reference'to laboiatory system in the case of hélium.
In.the'argon case, the difference in the cross sections.

between laboratory and center of mass syétems is less than

3% and has been neglected.

For the argon target, there is a substantial differ-
ence between the classical calculations assuming a single
exponential screening factor (Bingham) and the calculation

assuming several shells of electronic charge and separate

R i)
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screehing factors for each (Dose) In every case, for
argon, the data is in better agreement w1th the calculation
assuming electronlc shells than w1th the calculatlon with
one screenlng factor (Bingham) . ?hls is part1cularly~
apparent in the data taken at a constant angle,'3°,:(Fig.
22). | o

4For.helium, with only one'shell,.itgis expected that
the two elassical caicuiations.should Be in close agreement.
Figures 23'and 24 show this to be the case ana'ehe agree-

¢

ment with the present experiment is also good except.at

largest impact parameter (smallest 6T). For Fig. 24 the

values of impact parameter are .450, .255, .138, .094, -
and .057 atomie units for the corresponding 6T values of 
5, 10, 20, 30, and 50 kevV-deg. idisplayed

Surpr1s1ngly no other experlmental results were
found for protons on helium or argon in this range of

energy and scattefing angle. 'Similar_wOrk for other

" projectiles and energies has been done (e.g. see

references 67, 68, and 69) and with proton pro;ectlle, some'
work has been done at other energies and angles (e g. see

references 70, 71).
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B. Charge Transfer Probabilities

from Protons on Argon.

The measured charge transfer probabilities for
o transfer to all states of hydrogen, P,, and for transfer
| to the 2s state of hydrogen, Py4, are shown for protons
f incident on argon in Figs. 25, 26, and 27.

For the data of Fig. 25, taken at cbnstanﬁ
séattering angle, both the impact parameter and relat%zg
velocity change for each data point. The values of P, show

4

excellent agreement with those obtained by Everhart,

gi o et al®>. The data of Fig. 26 and é? was taken at constant
- impact parameter and constant relative velocity respectively
to investigate the dependence of obser§ed oscillations on
impact parameter and collision time (inversé velocity). As

before, the values of impact parameter used for these

graphs are obtained from the work of DoselO.

Even though no appropriate theoretical considerations

of charge transfer for this system are available, some

e re it i PE B e e e e

comparisons to the qualitative ideas about the general
behavior of charge transfer probabilities (from secion II.)

can be made.

4
st
IR
o

Figs. 26 and 27 show that the oscillation of P, is
definitely a function of the relative velocity, or collision
time. Fig. 26 shows the regularity of the oscillations as
':g;- a function of collision time. For these close collisions,

P, is shown by Fig. 27 to be nearly independent of impact
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parameter at 6.25 keV. This behavior is characteristic of
what has been referred to as resonant transfer in which

many oscillations of the electron charge probabilify occur

between the initial and final states during the collision. -

The oscillation in observed charge transfer probability

for the collision then depends upon the time of collision.

As the collision time changes (with changing velbcity) the -

electron is first left in one state, then the other with

continuing periodic variation.
. ¢

Probability of transfer to all states, Po, should be

dominated by transfer to H(ls). The transfer to H(2s) and

H{2p) (reference 50) toéether are about iO% of the ﬁotal
transfer. Transfer to n=3 levels is less likély85 and)
higher lewels should be even’less brdbable. It is
reaéonable to assume that Po shoﬁld be approximately 80%
fransfer to H(ls).

Inspection of ﬁhe lowest enerqgy ievels of the united
(k+) and separated (Ar + H)' atom limits (Fig. 28) shoﬁs
that tranéfer to H(ls) satisfies the conditions fér |
"quasi-resonance" given in section II. That is,(in atomic
units) Ep{0) - E;(0) >> %— >> B2(%°) - El(é) - |
where 1t is the ¢olli§ion time and 0 and « denote the
separation of the colliding nuclei. In Fig. 28 no attempt
has been made to correlate states or to show the relatiqn—
ship of united and separated atom eﬁergies. However, the

Art + H(ls) transfer will connect the lowest kKt state with
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one of the excited states separated by at least 20 volts

JH

so that E;(0) - Ej (0) la.u. The collision time can be
estimated by taking T = v x (interaction length). For the
present experiment v is between .4 and 1.0a.u. and the
interaction length can be estimated to be about 3a.u., so

that 1/t is between 0.3 and 0.8a.u. ‘Thus Eo (0) - E1(0)>>%

is approximately satisfied. The enercy separation of the
separated atom states connected by transfer to H(ls),
leaving the argon ion in its lowest state, is 2.1 ev - less
than 0.la.u. - so that % >> Ez(e) - E1(=) is satisfied.
Since there are not many nearby energy levels to.interfere"
with~the resonant transfer the "quasi—resonance"vcdnditions
are satisfied and the observed behavior of P, is expected.

The transfer to the Zs’state, Pyg., does not exhibit
such positive "quasi-resonant” oscillations as a function
of collision time. The variation of the transfer prohaf
bility is of small magnitude ana is not a regular function
of coliision time (Fig. 26). At a constant veloc1ty (Flg.
27) there appear to be small varlatlons ‘with 1mpact |
parameter not expected for “quas1 resonance" |

Referring to F;g,_28, the energy separatlon for |
transfer to'H(Zs), EZ(Q) - Ej (=), is 12.3ev (.46a.u.) so
that Eg (») - El(w) is not << %. This means that charge
transfer to H(2s) will be small (as observed) and may not

be "quasi-resonant". The resonance may also be destroyed

by interference with the other nearby energy 1e§els.

g
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The results presented for both P, and Ppg are
CQQ“ independent of some of the error sources influencing cross
;;i section measurements. Because they are ratios of cross
| sections these probabilities are independent of the absolute
value of pressure, beam collection efficiency, and
! scattering geometry. The values of P, are even expected to
bé independent of particle detector efficiency. The only

e

affect of these gquantities on P34 and Pa will be from

variations between individual data collections.
The error bars exhibited for P,g results represent
& the standard deviation of five or more separate determina-

tions. The typical relative error is *10% and arises

primarily from the statistical uncertainty in the subtrac-

e AR

; tion of data with quench field applied and with the field
off.
The absolute error of Pjg is estimated to be #40%.

The primary source of this error is the uncertaihty in the

T APV

; efficiency of the photodetector (+30%). The ratio, Ppq, may
be subjéct to the systematic errors due to polarization,

prequenching loss, and quenching length change with

- )“p‘ .
emitsans Tt JRUp—

P

NETE velocitf} which were mentioned in section IV. and are

qr? discussed in the Appehdicies. The fraction "f" describing
the fraction of the 2s states decaying within the quenching
length viewed by the ghoﬁodetector has‘been applied, but
other iess well defined corrections have not. The maximum

error in the overall slope of the results of Ppg is
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estimated to be *15% due to the combination of these
possible sources of systematic error.

The relative error and absolute error of P, are the
same. The only errors in this case arise from possible
change in pressure or beam collectién between data
collections and from background corrections (generally about

2%). The P, values should be accurate to *5% for protons

on argon.

e ST



Y

- e A Bt oy e st £+ e L

026

024

022}
&

@ 020

oisl

Ol6 -

110.
Fig. 25

TRANSFER PROBABILITIES
FROM PROTONS ON ARGON
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TRANSFER PROBABILITIES
FROM PROTONS ON ARGON

AT ©T=20 keV-deg. p 2.526 awu.
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Fig. 27

TRANSFER PROBABILITIES
FROM PROTONS ON ARGON
AT 6.25 keV
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Fig. 28

LOWEST ENERGY LEVELS OF (Ar+H)* AND K*
(Constructed wusing Ref. 72)
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C. Charge Transfer Probabilities

From Protons on Helium.

The measurements of charge transfer probabilities, Py~
and P, from protons on helium are displayed in Figs. 29 -
33.

The résults for Py show the "quasi%resonant" behavior
déscribed earlier. Fig. 29 shows the regular oscillation
of P, with reciprocal velocity for several values of impact

parameter. The agreement with the earlier results of

Everhart is excellent except for a small discrepancy near

10 kev. (Values from Helbig and EQerhatt-for 6T = 5, 50,
and 100 keV-deg. have been omitted for 6lérity.) Fig. 30
demonstrates the lack of aﬁy oscillation of P, with impact
parameter for a constant inciaent proton velocity of about
1.10 x 10%°cm/sec. The accuracy of present values of Po
is about *10%. This is larger than the érror inAthe argon
data partly due to the necessity of correéting for back-
ground scattering with gas removed from the dhamber (as
high as 15%). |

The oscillating behavior of P, is qualitatively as'
predicted by ﬁheory given in séétioh.II,  Comparison of

Helbig and Everhart results to the impact parameter calcu-

lations of Green for transfer to the 1s state and of Sin Fai

i
i

Lam for transfer to ls, 2s and 2p states has already been
shown (Fig. 3). The failure of these calculations to give

quantitatively correct results is appareﬁtly due to
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failure of the impact parameter formulation to represent
adequately these close collisions. This failure may be
partly due to neglecting the screen;hg of the target
nucleus by its electrons. This screening has an effect on

the nuclear trajectories and, perhaps more importantly, on

the energy levels of the quasi—mdlecules formed during the

collision. Additionally, the constructed wave functions
employing atomic eigenstates may not be adequaté for these
relatively slow close collisions. |

Fig. 30 shows that, for a constant velocity, Ppg does
not oscillate as a function of impact parameter. Sihce,
for the entire range, the impact pérameéer is much smaller
than the distance over which the collision occurs, the
time of the collision is inéependent of_the chénge in
impact parameter. No oscillations are then expectéd.
Uniike the more complicated proton-argon system, the
transfer to theIZS state of hydrogen does show oscillations
of the "quasi-resonant" type with varying collision time.
In the energy range tested, two distinct maxima appear as
a function of reciprocal velocity for a constant impact
parameter (Fig. 31). This behavior is independent of
impact parameter for the range of close collisions tested,
but only values for 8T = 20 keV-deg. (p = 0.26 a.u.)
cover the entire range.

The data displayed in Fig. 31 are in good agréement

with the preliminary data for 6T = 20 keV*'deg. previously



SPPER [T

Lo

e

v s art A Wi e

116;
reported from this same experimentsl. The preliminary
data for P,g was based on calculation of the total |
scattering rather than actual measqrement and was not
corrected for the fraction "f" descéibing the change with
energy in the fraction of 2s states decaying in view of
the photodetector. With such correction,'this preliminary
aata is in good agreement with the present results, but has
not been included here. . |

The P54 error bgrs shown are sténdard deviations of
five or more independent trials of the particular data
point and thus represent relative error. This typical
relative error is *12%. As in the argonvdata, the
absolute accuracy is not expectéd to be greater than about
#40% because of the uncertaiﬁty in photodetector calibra—
tion. There is also a possible overall error in slope Qf
about *15% due to the systematic errors mentioned earlier.
Most data points are the averagelof four or more trials,

with a few points being the average of only 2 trials.

(primarily values for 6T = 50 keV:deg.).

Comparison to earlier measurements of P4 at a constant

laboratory angle, 2.2°, by Dose and Meyer’3 is shown in
Fig. 32. Since it has already been demonstrated that P,
is nearly independent of impact parameter in the range
tested, good agreement between this constant angle (varying
impact parameter) data and the present constant impact

parameter is expected. The agreement in shape is good, as
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demonstrated, but the absolute magnitude is quite
different.

The normalization procedure of Dose and Meyer involves
measuring charge transfer between sqéttered protons at 12
keV and residual gas between the scattering center and the
detector. At 12 keV nearly all of the particles scattered
té 2.2° are protons (see Fig. 29). Thué Dose and Méyer have
used these scattered protons as aﬂ incident beam and have
measured the total charge transfer to the 2s state between
these scattered protons and the helium gas in théApath |
between the scattering center and their fixed-posifion
detector. This backg¥ound signal is normélized to the
total 2s transfer cross section measured by Colli, et a122,
to obtain the efficiency df tﬁe'photodetector; The normal-
ization of the data of Colli, et al is to the Borﬁ approxi-
mation at 40 keV, which is dubious; Thus the factbr of 3
disagreement in magnitude between present results and those
of Dose and Meyer probably results from the difficulty of
obtaining good normalization by their technique as well as-
the questionable magnitude of the results they use‘as a
standard. |

The shape of the portion of Dose and Meyers results
below 20 keV is substantiated by the present work. Their
results indicate a third maximum should be expected in Pjgq
at an energy greater than 60 keV.

The charge transfer probability to the 2s state of
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hydrogen has been calculated in the impact parameter
formulation by .Sin Fai Lam34 for 6T = 20 kev-deg. as
previously described. Fig. 33 shows the comparison of
this calculation and the present results. This theory
provided gualitative agreement with the results for P,
failing in that case only in describing the magnitude of
the maxima. The calculéted results for Pzé not onlg
disagree with present results by a factor of 10 in magnitude
but further, disagree dramatically in relative shaée.‘/

Some possible weéknesses of this theorylhave already
been discussed. For the collision time at these energies,
the uncertainty principle dictates an uncertainty of a
few eV in the electronic energies of the sysfém during
collision., Thus excitation of any of the states (shbwn in
Fig. 5) which are near in electronic energy to the state
tending to Het(1s) + H(2s) should be taken into account in
the theory. For example, electronic states tendiﬁé to
Hels(ls2s) + Y have not been iﬁcluded.in the expanéion
which describes the wave function of the collision system.

The “Quasi—resonant" behavior of Pyg may appéar ”
somewhat surprising. Apparently the competition of the
above mentioned group of states may have considerable
effect on P, , but it has‘not destroyed the "quaéi;
resonant" behavior. The criterion set forth for suéh
behavior, in section II. was Ez(0)—El(0)>5%>>E2(m)—E1(m).

For transfer to the 2s state the collision time is approxi-
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mately given by, t=v x (interaction 1ength). The velocity
varies from .4 to 1 a.u and the interaction length is
estimated to be about 2a.u. Referring to Fig. 5 (the
correlation diagram for HeH') we finé that in the united
atom limit, E,(0)-Ej(0)=2.2 a.u. (60 eV) which_ié greater
than the approximate value of 1/t1 between 0.5 and 1.2 a.u.
aé required for "quasi-resonance". The other part of the
criterion is not well satisfied since Ej(%)-Ej () is.a§put
.73 a.u. However, the }mplication of this féilure is.
primarily that the charge transfer to H(2$$ wi1l be smali,
as indeed it is observed to be.

The empirical formula of Everhart (see section II.)
representing oscillating charge transfer, Py, for Bt + H\
and HY + He might represent at least positiqns of maxima
and minima in the Pg measurements. In that case, Pyg will
be represented by

= a2 [SEa> : :
PZS_— A sin [—TV— B], (see sec.‘II p. 27)

in atomic units, where A, the amplitude of the peaks, is not

given by the empirical model in the case of the 2s State._

h

From the two observed peaks in Pyg, with <Ea> =y T '

Vn+2 Vn
where l/vn+2 is for one peak and l/v, is for the other,
<Ea> is found to be about 9 a.u. Using Everhart's value of

B = w/4 we find that sin? [<§3> - % ] is a minimum at

approximately 10 keV and 30 keV and a maximum a£ 6.3 kev,
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16 keV, and 85 keV. These results are in good agreement
with experiment and predict that the third maximum is around
85 keV. Of course, the peaks should be correctly separated
by the empirical equation, but the resdlt would be out of
phase without B = /4, as it has been observed to be fo; the
other experiments.

There may be alternative models for the structure of
Prg. Some of the structure may arise from coupling to-the
ground state transfer. For example the minimum at 11 keV
is coincident with the minimum of Py. This minimuﬁ may be
associated with the shoulder at about 11 keV in the total
cross section for transfer to the 2s state (Fig. 15). Such
coupling to the ground state should be accounted for by
coupled state calculations. However, Sin Fai Lam's results
do not exhibit the 11 keV shouider in the cross section for
transfer to 2s. According to the suggestion of Polvektov
and Presnyakov30, this shqulder may be due to coupling to
the ground state; thus the ground state coupling idea is
qualitatively supported.

In general the behavior of Py from protons on helium
is observed to be similar to the behavior of P, for protons
on helium. The same empirical formula seems to fit both
cases, at least qualitatively. It would be interesting to
extend the measurement of Pyg for protohs on helium to

higher energies in order to check for the peak at 85 keV

predicted by the empirical formula.
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APPENDIX

A. Quenching of the 2s State and Related Errors.

1. Quénching of Metastables.

As in many previous experiments, the present work
relies on the lifetime of the 28 state of hydrogen in a
field free regioh, and the extremé shortening of this
lifetime through Stark mixing of the 2s and 2p states in an
electric field. -

Decay of the 2s state is optically-forbidden'because
photons require one unit of angular momentum which cannot
be provided. The primary decay mode of the 2s state is
double photon emission, so that the lifetime of the 2s state
is quite long (0.14 sec.). )

Application of an electric field provides an inter-
action which connects states of quantum number [ differing-
by #1 and with the same quanﬁum number MJ74. Thus in the
presence of an electric field the 2s state of hydrogen is
mixed with the 2p state. The 2p state decays by photon
emission to the 1ls state with a lifetime qf 1.6 x 10" 9sec.
Thus through this coupling the apparent lifetime of the
2s state can be drastically reduced by a field. The life~
time can be calculated quantum mechanicaliy74. I. A,
Sellin75 has measured the #pparent 2s lifetime and found
excellent agreement with these calculations. The minimum

2s lifetime, for fields in excess of 600 volts/cm is

approximately 4.5 x 10~%sec. The expression representing
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the 2s lifetime is’>

M2
T2s T T2p (1 * m)lﬂ]%

where T2p is the 2p lifetime and the field interaction, M,

is M = 2V§'Eeao where E is field strength, L is the Lamb
L

shift, a, is the Bohr radius, and e is the electronic
charge.

For the present experimental situation, where hydrogen

‘atoms in the 2s state move through a field region, the

number of photons emitted from the region will depend on the
lifetime and thus on the applied field. In the present case,
increasing the voltage applied to the quenching capacitor
should increase the number of. photons emitted in the region

viewed by the photodetector until the lifetime is sufficient~

‘ly short that all 2s atoms decay in the viewed region; or,

for faster atoms, the number emitted will increase until
the lifetime reaches a minimum (around 600 volts/cm applied
field). 1In this latter case some 2s atoms possiblf will
not decay in the region viewed. This behavior is observed
as shown (Fig. 34). At 15 keV and above an appreciable
fraction of the 2s atoms do not decay in the region viewed
by the photodetector so that the yield curve saturates only
because minimum lifetime is reached at around lOOO volts

applied to the capacitor plates.

o e QA
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Fig.34
PHOTON YIELD FOR QUENCHING
OF H(2s) METASTABLES
Produced by charge transfer of
protons in argon
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2, Correction For Finite Length of
Quenching Region.

For a simple parallel plate capacitor, the field
strength would be nearly uniform. However, the peculiar
construction of the present capacitor leads to a nonuniform
field strength. The high voltage end of the capacitor is
a closed shallow tube, with proviéion for photodetector to
view the entire quenching region. The capacitor was
constructed in the peculiar shape (shown in Fig. 35)'in
order to help contain the field and in order to shield the
quenching region from stray electrons or phoﬁons in the
detector assembly.

The field within this capacitor was calculatéd by a
simple numerical technique epploying a standard computer.

A two dimensional array of points repreéenting the capacitor
shape was constructed. The potential was set at zero at

all points except on the surface of the ﬁube end (box in two
dimensions) of the capacitor. Holes ih the capacitor were
assumed sufficiently small to be ignoféd. The tube was set
at -905 volts which was the applied voltage throughout the
experiment, and the front plate was held at zero potential.
The potential at each point on the array due to the nearest
neighbor points was then calculated employing Laplace's equa-
tion. This calculation was repeated-iterétively until a
steady state was attained for the potential at each point on

the array inside the capacitor. The field along the beam axis
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Fig.35
QUENCH CAPACITOR
— T Photodetector Opening
e— /8 38"
4 Top 2over Plate
.- ie" _
] \
] .
s —
Grounded - l < Quench Capacitor
Front Plate ! " High Voltage End
fe—1- 13/16%— "~ tHig 9 )
L
le—o9s16"— )

SCHEMATIC DECAY OF METASTABLES

Exponential Decrease In H(2S) Population

Photons Counted 'Proportionol To
Photodetector Efficiency

Efficiency Times Solid Angle
/ For Photodetector

Emitted Photons

X \ /Frachon Not Counted
" t""’a.‘:’ KRR P e

| Capacitor | |

Distonce Along Quench Region




e

RN P

B it A o ks .

e R BN A e

e
o R

131.
was then obtained from the potential of array points along
the axis. The potential dropped by approximately 1% at
points a distance of 3/16 inch off the axis. Thus the
field perpendicular to the axis was taken to be uniform
within the dimensions of the scattered beam. The field
strength along the axis for =905 vﬁlts applied is shown in
Fig. 36.

The decay of the 2s state atéms is shown schematically
in Fig. 35. As indicated, an appreciable fraction of
sufficiently fast atoms can trével the length of the quench
region:without decaying. Further, all parts of the
quénchiné region are not viewed equally by the photodetector
because of changing solid ang}e, so that photons from the
back part of the capacitor will not be countea directly
proportioﬁal to the detector efficiency. It is necessary
to determine what fraction of photons are counted for each
energy.

The fraction to be determined; will be independent of
photodetector efficiency‘and number of incident atoms, so
that normalization of the decay curve is arbitrary. Take
the total number of available photons, fof total quenching,

to be N = .]fe‘t/Tdt where t is the lifetime and t is
(-]

the time in the gquench field. Then for a finite quenching
length, the fraction of photons which are counted, will be
4
£ = ,[;"X/VT'dx
P ot o
‘[e—X/Vde

(o]
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Fig. 36 )
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where ﬂ is the length of the guench region and the time in
this region (for a fixed velocity, v) is given byAt = x/V.

For the present geometrical situation, the first centi-
meter of the quenching region is viewed by the entire
photodetector opening. The last 1.05 cm is viewed by a
decreasing portion of this opening. Assuming this decrease
iﬁ effective solid angle to be linear, we can express it as
a mﬁltiplier to the exponential decay. (The assumption of
linear decrease of effective solid angle is essentially the
same assumption empioyed in the Jordan and Brode approxima-
tion which was found to be adequate for much more sensitive
geometry.) This factor will then be a stfaight line of the
form y(x) = mx + b with the conditions that at x = 1 cm,
y(1) % 1, and that at x = 2.7’cm, where this line interseéts
the scattered particle beam axis, y(2.7) = 0. For these
conditions, y(x) = -0.588 x +1.588 for x in cm, Thus the
fraction of photons counted for'the present>experimehtal
arrangement is | 2.05

£ = OI;-X/Vde- + R /;/y(x) e~X/VTax

o ﬁ"X/Vde

Where R is the fraction of metastables which remain after

traversing the first 1 cm of gquenching length, i.e,

'
o/ e~X/Vidx - @/;’X/Vde
R = oo :
-X/VT
o)f.e dx

For a constant lifetime, T, the expression for £ can

be evaluated in closed form for each velocity used. 1In the



134,
present case, however, t changes with the changing field
strength in the capacitor region. However, most of the
decay is induced in the first 1 cm where the field strength
is highest and 1 is nearly constant. The evaluation can
also be carried out in closed form for 1t of different value
for the two regions of the quehchiﬁg capacitor. For the
—éOS volts applied the field strength in the first centi-
meter varies from 675 volts/cm to 425 volts/cm, with
corresponding values og T about 4.8 x 10'9sec. and'é.3 b4
10" 9sec.

Evaluation of the fraction f was carried out assuming

9sec., corresponding to a constant field of

T, = 5.31 x 10
550 volts/cm in the first region. By similar approximation
the lifetime in the second caéacitor region was assumed
constant at 8.46 x 107 9sec. The results are given in Table
1, where for each energy the appropriate velocity was used

in the evaluation. The results show 99% of the atoms

decay and are counted proportional to the detector efficiency
for 1 keV energy and 69% are counted for 20 keV energy.

For comparision, f was also evaluated for a simple parallel
plate capacitor of 2.05 cm plate separation,i.e. assuming a
constant field of 442 volts/cm giving a constant lifetime of
6.10 x 10‘9sec; The maximum discrepancy between the two
approximations was 4% at 20 keV. It was concluded that the

two region approximation would be a sufficient approximation

to the continuous field variation expected for the apparatus.



135.

Table 1. Fraction of Metastables Decaying Within
Viewing Length of Photodetector

) Sn"& o

e RS N
AR AR SRR s s e el e i S s

d et

Energy of Particle Fraction, "f"
1 kevVv .987
2 .957
3 .927
4 901
5 .878
6 .856 )
7 .838
8 .821
9 .806
10 .792
11 .778
12 . 766
13 .754
14 .743
15 .733
16 .723
17 .714
18 .704
19 .697
20 .689
21 .68l
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The values of f obtained have been used to correct all
of the data in this report for the change with energy of
the number of metastable, H(2s), atoms decaying within view
of the photodetector. The correction is applied so that the
cross sections and probabilities at 16 keV (normalization

point) are unchanged.

3. Prequenching Loss.

e

A further source of error may arise from the quenching
process. The quenching field can extend through the
entrance hole in the capacitor and i:duce some quenching of
metastables before the region viewed by the multiplier.

The hole in the capacitor plate leads to weakening of the
field immediately inside the éuenching region as well as
extension of the field beyond the region viewed by the photo-
detector. The exact form of the field and length of
extension out of the viewed region will depend on the details
of the slit structure. Smythe76 obtains an expression for
the field near an ideal slit‘in a thin conducting sheet.
Using this result as a guide the extension of the field and
its strength can be qualitatively estimated.

A rough estimate of the loss of photons due to pre-
quenching by the fieldAextending through the slit is
obtained by calculatiﬁ; the fraction of metastables guenched
in a distance of one half the slit width by a field of one

half the maximum value inside the quench region. Assuming
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a constant field and with the appropriate 0.1 cm slit width,

the fraction of metastables lost is

.05
}ﬁ e'X/Vde o
[ = l - e- -05
{‘e-x/vrdx
o

T

fraction lost =

<

For a field of 330 volts/cm the lifetime is about 8.0 x 1072

sec. Using the appropriate velocities the calculated values

of the fraction lost varies from 7.2% at 4 keV to 3% at

20 keV.

e

Only the change in this fraction lost with changing
velocity is important, as the loss at 16 keV is included in
the normalization factor for the photodetector efficiency.
The change of this loés fraction over the energy range
studied should be about 4% according to the preceding
estimate. The effect on the élbpe of the total 2s cross
section measurements used for photodetector normalization
(sec. IV. C.) would be to improve the slope agreement
between present data and previous investigators. However,
the slope disagreement woul§ not be eliminated by a
correction as small as that estimated.

No correction of the data for this prequenching loss
of photons has been attempted because the estimated change
of slope over the energy range is quite small and because
the estimate is tenuous. Thus, this possible source of
error remains in the data for the probabilities, Pogr and
for the differential cross sections for transfer to the 2s

state.

I



P S P

. . .,
U et it . S SR g K5 YAV L b i e < e

H

Sy

138.

The total cross sections for transfer to the 2s state
as measured by Jaecks, et al3l ana Andreev, et al33 are not
smabject to any of the errors discussed in this appendix
section. These experiments were performed with quenching
fields in the target gas region so that a steady state of
production of H(2s) and decay'through the 2p states occured.
fﬁese cross sections as measured by Bayfield6° should be
sabject to the preceding considerations, but he makes no
mention of any correct}ons and does not describe his quench-
ing field strength in detail.

| An additional source of error in 2s cross sections

associated with the quenching by electric fields is the

‘polarization of the quench induced radiation. This is

discussed in the next section.
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B.  Polarization gg Quench Induced
" Radiation From H(2s)

1. Previous Investigations.

In the earlier measurements31:/33 of total transfer to
H(2s), the radiation induced by electrostatic quenching

was assumed to be iootropic. This assumption was based on

‘the relative values of the fine structure splitting,

between 2P3/, and 2Pjsp; and the Lamb shift, between 257 /p
and ZPl/Z states of hydrogen. Since the Lamb shift i;'only
about 10% of the finefstructure splitting, (Fig. 37), it
was assumed that the 283/, state coupled primarily to the
2Py s state. The radiation from the 2P; s to 183/, transi-
tion should be isotropic, so that it was assumed that radia-
tion induced by the quench field would be nearly isotropic.

In 1968, Fite, et all7 reported measurements of
polarization of weak-field quench induced radiation from
H(2s) atoms which were formed by electron impact on H(ls)
atoms. Using electric fields of 3 to 15 volfs/cm, they
found that radiation intensity polarized parallel to the
electric field (Ijj) was weaker than the infensity éolarized
perpendicular to the field (Ij). The polarization measured
at 90° with respect to the field direction was observed to be

P = H = -.30 .02
90°
Following the suggestion of Fano; Fite, et al, calcu-

lated the polarization retaining the 2P3,,; component of

B o
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Fig.37
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the weak-field mixing. The wave function of the atom in

the field was expressed as

by = U(281/2,m) + a U(2P1/5 ) + b U(2P3/5 M)
where only M of #1/2 were included since the stark mixing
is only for states of the same m quantum number. The
coefficients a and b for admixture of 2P1,, and 2P3/;
states were obtained from a time-independent perturbation
expansion. .The dipole matrix element for radiation from the
mixed state, Yy, to the ground state 1S1/2 now included
terms for both 2Pj /5 and 2P3,3. The intensity of the radia-
tion is obtained by squaring this dipole métrix element.
The contribution of the square of the 2P3/2 term was inq?ed
small, but the croés product term was not negligible. The
polarization predicted by this calculation was -.329 in
reasonable agreement with the experiment. A similar
calculation for a wide range of field strengths is to be
outlined in this section.

An attempt to improve the above calculation for weak
fields has been reported by Casalese and Gerjuoy78 who
include the effects of the hyperfine splitting of the n=2
states (between 24 anq 180MHz) . Their result, polarization
of -.323, does not substantially improve the agreement
between experiment ané’theory. The inclusion of the width
of the P states (about 100 MHz) might have more effect on

the polarization than the hyperfine splitting.
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For fields above about 100 volts/cm, the shift of
energy levels of the hydrogen states in the applied field
will have an effect on the polarization of the radiation.
The shift of the n=2 states in an electric field is shown
in Fig. 37 from reference 79. For sufficiently high fields
the shift of energy levels is so great that the original
splitting has no influence and transitions are expected to
take place only between states for which Am = 0. This is
just the component of radiation along the field, Ij;, so
that the polarizatibn should become +1.0.

2. Calculation of the Polarization as a
Function of Field Strength.

The procedure for the fo}lowing calculation of the
polarization of quench induced radiation from H(2s) was
suggested by Dr. J. Macek. Part of the calculation is
similar to the work of Liders’? for the calculation of
lifetime of the 25; /5 state in an electric field.

In order to calculate the polarization of the radia-
tion from H(2s) atoms in an electric field, it is necessary
to construct the time dependént wave function for the atom
in the field. As previously méntioned, the electric field
will connect those ﬁnperturbed states withlf differing by
t1 but which have the same Mj. Since the initial state is
281/2 with My = +1/2 or -1/2, the unperturbed states mixed
by the field will be 251/2, 2Py /2, 2P3/p with My = +1/2 or

-1/2, The complete calculation will be carried out for
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M.J = +1/2; the same results hold for My = -1/2. Thus for
the present case, the eigenfunctions ¢j, ¢, ¢3, represent-
ing unperturbed states'2P3/2, 281/2, and 2P1/2 respectively,
provide a complete set of eigenfunctions for describing the
atom. Following Schiff80, we can relate these eigenfunc-
tions of the unperturbed atom to the eigenfunctions, wj, of
the atom in the field.
In an electric field, the atom is described by

HY; = Eyi; (1)
where H includes the operator,'§°f, for the elect;ic field.
It is permissible to define a métrix form of H with the
unperturbed eigenfunctions, ¢i, but this matrix will not
be diagonal. Since the basis set, ¢;, chosen has only three
eigenfunctions the matrix definition of H will be three by
three. Let the matrix definition of H be given by,

Hy = (¢ |H|¢,) where v and u are 1, 2, or 3. The matrix

-

then becomes

E3M0
HM= ME; V (2)

0 v O
where M= (¢1]|eE r|dy) (3a)
V = (¢3]eE-x[¢;) (3b)

and where the energy of the unperturbed 2P1/2 state, E;, has

been taken to be zero.
According to transformation theory80 the unitary matrix
U, which diagonalizes Hy s provides the coefficients Ui

which describe the expansion of the new eigenfunction,wj,

e
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(for which Hy is diagonal) in terms of the previous basis

set ¢;. That is,

"’ tl"j = izlejgbi- (4)

L

There will be three indepent eigenfunctions, wj. The
matrix U which will diagonalize Hy is obtained by solving

the eigenvector problem,

E3 M 0 U?l (v B
M E; V vl, = AJ [ Ud, .
o v of \ulj ud,

The eigenvectors,'Bj, together form the desired matrix ﬁ.

Thus solution of the eigenvector problem provides the
2 expansion coefficients needed in (4) to define the eigen:
functions, wj, of Ehe atom in.the field in terms of the
known eigenfunctions ¢;, of the unperturbed atom.

The H(2s) atom will evolve, in time, in an electric field

! because the eigenfunctions, Wj' contain ¢ aﬁd ¢3 which
"é decay to the ground state of hydrogen, 183 /3, (to be
} represented as ¢,). Thus the time dependent wave function
for the atom in the field is

y =Z ajxl)je"iEjt‘th .
3

S

L
et vt St et

The coefficients aj can be determined from the initial

condition that all atoris enter the field in the unperturbed

S e e e

- state, ¢5. That is,

‘E‘ :

Y] =2 a5¥3 -SaySivgien - 02
| t=0 3 3 A=
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from which ‘ZajUji = 849
j

so that for a unitary matrix, U; a4y = Uj2*. The wave
function representing a hydrogen atom in an electric field
which was initially in the 283/, state is thus
3, « 3 -iEst-yvst
¥ =3 U422, Usibie 3773 (5)
J=1 i=1
Ignoring the widths of the P levels and the hyperfine

structure, the radiation from the atom represented by (5)

to the ground state, $¢or is given by
Itotal fm[z (¢ |X l‘%’)*(tbolx |¥)dt (6)

where (¢O|quW) is the usual dipole matrix element for a
radiative transition and Xg is the component of the X along
polarization direction g. Taking the field along the z

axis, the components of X are

\1/2
Xo = r cos 6 = r(4n/3) / Y10

.X—l — X sinb e—i¢

r (rn/3)1/2 Y11

2

where the Y;q are the spherical harmonics. The integration
over alltime implies that all of the original H(2s) atoms
decay.

After putting (5) into (6) the relationship can be

written,

i o
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1
Teotal® GQZZS [U21% (9 1Xa95) * (0 [ Xa| ¥y )
q=-1 3 »

el

X f e~ [1(Ej'-Ej) + v5 + v41l4,
0

The integration over time yields

[ e-[i(Ejl—Ej) + Y + ‘le]tdt = 1 . :
o 1 (Ej ' —Ej ) +Yj+Y_é_,'

However, for j' # j, (E5:-E4) is large so that the integral
is negligible compared to its value with j' = j. Thus in

the summation j' # j can be neglected. This gives,

a0

[ e_[i(Ejl"‘Ej) +Yj +/Yj']t dt = 611' .
o 'ZYj

Using this result,

1 ',
Ttotal © fdg Z Z M (¢O|quwj)z

I 5 2y.
g=-1 j YJ

The width Yj

atom in the field, that is for a particular mixture of

is for one of the eigenfunctions of the

$3: ¢5, 93, (representing 2P3,3, 2831/2, 2P1,32). The value
of Yj depends on the relative mixture of P states with the

S state. That is

o ; 2 2 P
3 ‘Ujll Ypasa2 * lUj2| Ys1/2 + 1U53]% vp1/2 -
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But Yp3/2 = Ypl/2 = Y whereas Ygi/2 = o , so that
vy =Uugy ]2 + Jugsl® v

Thus the expression for the total radiation is

an Uszl?
Ttotal f/:v-.ég s [l (6o 1 %g [¥2 1%

3 Tuy %+ Tug512

The part of the dipole matrix elements involving
r(tl'rr/3)l/2 is common to all of the intensity expressions
and thus can be included in the proportionality factor.

The same is true for 1/y. Then,

\
The component of Itotal along the field direction is

(Us5) 2 :
111 “Z (Uj ) +(U T; |(¢j|Y10|¢O |2 where (7)

where wj =:£: Uji¢i . The other two similar components
i=1

(for q = %*1) are perpendicular to the field direction so

that Iygpgy; = I11 + 2I3.

In an experiment with radiation viewed at 90° to the
field direction, the detector will be along one of the
perpendicular componeﬂf directions, so that this component
is not seen. Thus the usual definition of polarization is

I3;-1;

P = =———u— .
I71%I3 |90°

Employing Ig{otay = I31+21;, the expression for polarization

b e
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3I11 Ttotal

= . (8)

can be put into the form, P :
total '90°

Further, since total quenching has been assumed, Ii{gta1®le
so that only I,, must be calculatedl
To complete the calculation the matrix elements V and
M (3a and 3b) must be calculated so that the matrix(2)
describing the atom in a field can be diaéonalized and the
expansion coefficients, Ujir obtained. These matrix
elements
M= (¢1|eE'r|¢2) = éE(¢l|r cos el¢2) = eE(41r/3)1/2
“($1]x¥10]02)

and V = (¢;]eE-r[¢,) = ek (41/3)1/2 (95]r¥q162)

are of the same form as the dipole matrix elements,
(¢;[¥10l¢0) , which appear in ;xpression (7).
These elements are most easily evaluated by using the

Wigner-Eckhardt theorem. The elements are ih the form

(93 1¥10100) = (LSIMz|¥10|LoSoToMyo)
In order to apply the theorem we need to recouple to the
LMySMg scheme. This recoupling gives
(L80U5 | %10 | LS oToMyo) =5 (LSoTMy |LitgSMso) Lty |¥10| Lotiro)

Lo
I;‘?\;o (LoMLoSoMSo ' LoSodoMy o)

where the recoupling coefficients can be evaluated using
standard tables8l, Also, use has been made of the

information Mg=Mg, and 8=8, for this transition. The

Wigner-Eckhardt theorem,
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1y k~Ly~L

(kgL M kL, LM
LAl QLMo | oLMp,)

(where Tyg is a tensor operator such as Yjg) can now be
applied to (LMp|Yj3¢|LoMpe) and the evaluation can be
performed. (The reduced matrix element (L||Yj]|Lg) is
evaluated in ref. 82 forAthe spherical harmonics).
Applying all the quantities thus determined éives the

o

value of the matrix elements

(91 1Y70]100) = +18 for radiation from

V3 2P3/2 to 181/2
(02 ]¥10ld) = O for radiation from

1 L atd \
( Y ) = - for radiation from :
¢3| 10|¢o '73.’ 2Pl/2 to lSl/?.

Since ¢, and ¢ have identical angular components,
evaluation of M and V is carried out by including integra-

tion over r with the radial components of the wave functions

$2. Then,

M= (¢;]|eE-r|¢3) -Vé' Eea, for the mixing of

V3" Eea, for the mixing of
2Pl/2 and 251/2 .

and V = (¢3]eE*r|dy)

{which is the same as other investigators have obtained
for these matrix elements’?.)
All of the information necessary is now available to

calculate (7)
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Ill=z Uj 22

J Uy1%+U53

Uys (91 ]¥10ld0) |2

i

The diagonalization of the matrix (2) giving Uji was
accomplished for each value of field strength E, by a
standard computer program83. The intensity, I31 (7) and
the polarization, (8), were then évaluated for each set of
Uii obtained.

The results are shown in Fig. 38. Forvweak fields
(10 volts/cm) the value obtained is P = =-.329 in agreement
with the result calculated by Fite, et al’’, For the
present experimental arrangement most of the radiation
comes frbm the first part of the capacitor where the field
strength averages about 550 volts/cm. The predicted A

polarization at this field strength is -.20.
3. Application to the Experiment.

The intensity measured by the photodetector has been
assumed to be proportional to the total intensity which
determines the measured cross section (ox p;obability Pag) -«
Since the radiation is not isotropic thié proportionality
will not be direct. A standard analysis84 employs the
polarization, as definéd, to relate the intensity observed
at any angle to the total intensity. The result can be
expressed in the form.. |

I(0) = Iyotal  3(1L-Pcos?®) (2)

F. e : 3-P
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POLARIZATION OF QUENCH INDUCED RADIATION FROM H(2s)

POLARIZATION

5 B

3
—_4,1|||11|||||:|||||ll'.lllllllllllnllnlnnlnl
500 1000 1500 2000 2500 ¢ 3000 3500 4000
QUENCHING FIELD  (volts/cm.) i
!



at

AR

WO

4=
¢

1520

‘For the present experimental situation 6 is approximately

90°, so that for the predicted polarization of -.20,

1(0) = Itotal ( 3 = ZEotal (.9q)

Since the previous assumption was that the intensity at the
qetector was Iigta1/4m™ times the solid angle viewed by the
detector, the error is about 6%; the measured intensity
being about 6% lower than assumed. : —

This predicted error is for radiation detected at 90°.
The actual apparatus arrangement allows the detector_to.
accept radiation from a large spread of angles around 90°.
The effect of the polarization is thus réduced as seen by
inspection of the expression (8). \\

The measureménts used fér normalizatiqn of the photo-
detector are expected to contain similar errérs. The
polarization of the measurements ofAndreev,et a133, with
the detector at 90° to a field of 600 volts/cm, should be
about P = -.,18. The error then being about the same as for
present measurements. The poiarization of the measurements
of Jaecks, et al3l is not directly predicted by the present-
ed thedfy due to the alternating of field direction.

No correction has been applied to the data for the
predicted polarizatiog. No attempt has been made to
predict possible variétion of the polarization with velocity

of H(2s) atom in the. field. Any such affect is expected to

be secondary. Thus the predicted correction is an overall
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factor, and should be applied before normalization. Since
it is a +6% correction to the absolute values that are only
accurate to about i40%; neglect of the polarization is
not considered to be a serious error.

Experimental measurement of the polarization of quench
induced radiation from H(2s) as a function of applied field

would provide interesting comparison to the predicted values.

o



S

PR P

-

154,

C. Cascade Contributions to the
H(2s) Population.

Some of the H(2s) atoms detected in the quenching
region may be due to transfer to the n=3,4,5... states of
hydrogen with subsequent transition to the 2s state. Such
a contribution to the H(2s) populétion should not be
counted as charge transfer to the 2s state.

The approximate contribution from n=3 and n=4 states
to the H(2s) population can be estimated using the
Measurements of Hughes, et al 85 . These measurements
report the total (all angles) cross sections for transfer
to 3s, 3p, and 4s states of hydrogen from collisions of
protons and various gas atomg, and compare the magnitude of
these cross sectiéns to the magnitude of the 2s and 2p
transfer cross sections. The 3p and 4p states caﬁ decay
to the 2s state. The magnitudé of the 3p state ié given,
but the magnitude of the 4p state must be estimated from
the behavior of the other cross sections.

Since for the present apparatus the path from the
collision éenter to the detection region is quite long
(about 15 cm), any atoms formed in 3p Or 4p states decay
before reaching the detector region. The fraction of the
H(2s) pdpulation at the detector contributed by atoms

formed in the 3p state is given by.

. .g.

A .
Cont. (2s) from (3p) = ozi (Azp 2
P

)
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where Az, g is the transition probability 3p-2s and

A3p is the total transition probability 3p to all other
states. The same relationship holds for the contribution
of 4p~2s and each of the higher states. Using the measure-
ments of Hughes, et al 835 and the appropriate transition
probabilities (from ref, 74 p. 266) the contribution from
the 3p state for helium is

Cont. 2s from 3p = (.25) (.12) = .03 .
The contribution from the atoms formed in the 4p state is
obtained, after estimating O4ps to be approximately

Cont. 2s from 4p = (.08) (.12) = .01
The con£ribution of each of the higher sfates should be
less, It is reasonable: to assume the contribution from
all higher states is approxiﬁately .01l. Thus the total
cascade contribution to the popﬁlation of H(2s) at the
detector is estimated to be 5% for protons on helium. The
estimated cascade contribution for argon is 3%.

The estimate is for an overall contribution to the
magnitude of the total charge cross section for transfer to
the 2s state. It is assumed that this fractional contri-
bution will be approximately the same for the differential
cross sections and probabilities measured. It is possible
for the contribution to change as a function of angle or
energy because of different behavior of 3p (or higher states)

and the 2s cross sections as a function of these quantities.

However, any such change should be considerably less than
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5% overall correction. Thus the slope of any of the Pjqg
measurements should be affected by less than 5%.

It should be notea that the contributibn of cascade
to the total crsos section for transfer to the 2s state
measured by other investigators will not be the same as
that estimated for the present case. The measurements of
Jéecks, et a13l and Andreev, et al33 were made with
quenching in the collision region. The decay times of the
upper states are suff;ciently long that part of the
hydrogen atoms formed by transfer to these upper states do
not decay until after passing the region viewed by the
photodeﬁector. In addition, the presence'of the electric
field in the collision region modifies the t:ansition
probabilities making transition to the ls state more
probable (transition to the 2s state less probable) than
in the field free case. Both of these considerations
decrease the contribution of cascade to the population of
H(2g8) at the detector. The magnitude of the cascade
contribution to transfer cross sections iAs_ thus expected
to be slightly less for these measurements than for the
present measurements. The measurements of Bayfield60
were made with apparatus arrangement similar to that of the
present measurements so that cascade contribution would be
similar to that estimated. The difference between measure-
ments with guenching in the collision region (Jaecks and

Andreev) and measurements with quenching after the collision

oy c. e - Ehv—— T . - [PRS——
b . . . N P
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region (Bayfield and present), due to contribution of
cascade, is estimated to be 2-3%.

Again the correction for cascade has not been applied
to the present measurements. The estimate is a -5%
correction to be absolute value of 2s probabilities and
cross sections (estimated accﬁracy +40%) and has thus been
considered negligible.

It might be noted that the estimated overali -
correction for prequenching of H(2s) and cascade contribu-
tion to H(2s) are opposite and of approximately the same
magnitude. The variation of these two contributions with
energy,‘affecting the slope of all data, will not necessar-
ily cancel, but should be quite small.

Several corrections havé been estimated but not applied
to the data. These estimates were made in order to deter-
mine the approximate magnitude of the effect thch the
various error sources might have. The estimated correct-
ions are all small and somewhat tenous, so ﬁhat actual

correction of the data was not carried out.
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D. Tabulation of Differential Cross Sections

"and Charge Transfer Probabilities.

Tables 2 through 12 present the tabulated results of
all the measurements discussed in this thesis. The

listed individual errors represent standard deviations of

‘at least 5 (usually more) trials of that particular data

point and thus represent relative error only. Estimates
of overall accuracy are listed with each set of data.
These estimates are discussed in the main body of the
thesis, where data is present=d, with some details

discussed in the other appendix sections.



hat

b R A i T S

N i

159.

Table 2: PROTONS ON ARGON AT 6T = 20 keV-deg.

Total Differential Charge Transfer

Energy Scattering, dototal Probability, PO
dQ
3.5 kev 0.892 x 10-15 cm? , 0.564
sterradian
4.0 1.333 £,122 . .646
4.5 1.657 .622
5.0 2.06 .600
6.0 2.86 £.16 .529 -
7.0 4,15 : " .454
8.0 5.29 .393
9.0 6.12 .378
10.0 7.23 .387
11.0 8.51 . 365
12.0 10.37 .388
13.0 '11.03 .415
14.0 17.79 .70 .462
15.0 12.85 - .476
16.0 13.24 .511
17.0 14.90 .532
18.0 15.62 .555
19.0 16.01 .580
20.0 18.83 .594

Estimated absolute error of dototal , *15%, except near 1°

S [9)

(20keV), +30%; of Py, *5%.
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Table 3: PROTONS ON ARGON AT 6T = 20 keV-deg.

Probability of Differential Cross
Energy Transfer to 2s, Pjg Section do(zg)
3.0 kev 1.743 x 10-2 0.105 x 10-16 cm? ,
sterradian
3.5 keV 1.351 0.119
4.0 1.272 £.108 0.168 +.014
4.5 1.345 0.226
5.0 1.446 +.118 0.298 *.030 -
6.0 1.542 0.442
7.0 1.362 0.570
8.0 1.353 £.091 0.731 *.061
9.0 1.381 0.870 \
10.0 1.468 1.051 |
11.0 1.534 1.248
12.0 1.556 +,058 1.485 +,144
13.0 1.585 1.581
14.0 1.694 *.114 1.860 +,228
15.0 1.726 2,05
16.0 1.794 2.25
17.0 1.916 2.73
18.0 1.968 £.076 3.06 .31
19.0 1.960 3.20
20.0 1.961 3.48

Estimated Absolute Error +40%.
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2.0
1.7
1.5
1.2
1.0
0.8

Values of impact parameter taken from Dose™V.

le6l.

Table 4: PROTONS ON ARGON AT 6.25 keV.

Impact
Parameter

0.36 a.u.
0.40
0.43
0.46
0.50
0.55
0.58
0.65
0.70
0.76
0.81
0.92
1.01
1.17

Total Differential

Scattering, dog{otal

o

0.382 x 1015 cm?
sr

0.769 £.010

1.093

1.578

2.23

3.45

4.97 £.13

7.21

9.80

14.24

16.77

27.6

36.9

50.3
10

Charge
Transfer, P,
.480
.490
.482
.495
.515
.526
.523
.544
.548
.560
.571
571
.588
.611

Estimated absolute error of dOigta1r *15%; except near

1, *30%.

Estimated absolute error of Pys +5%,
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Table 5: PROTONS ON ARGON AT 6.25 keV.

Impact Probability of Differential Cross

Angle Parameter  Transfer, Ppg Section, do(jg)
6.0° 0.36 a.u.  1.444 x 1072 0.0563 x 10716 g%i
5.0 0.40 1.248 0.0968
4.5 0.43 1.263 +.080 0.1394 *.0040
4.0 0.46 1.409 0.2236
3.5 0.50 1.491 0.3332 N
3.0 0.55 1.517 0.5281
2.7 0.58 1.458 +,060 0.7306 *.0400
2.3 0.65 1.462 1.064
2.0 0.70 1.437 1.463
1.7 0.76 1.461 2.205
1.5 0.81 1.468 +.113  2.720 .120
1.2 0.92 1.422 4.358
1.0 1.01 1.288 5.288
0.8 1.17 1.213 6.938

Estimated absolute error, *40%.
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Table 6: PROTONS ON ARGON AT 3.0°.

Total Differential Charge Transfer
Energy Scattering,4ddtotal Probability, P,

3 kev .602
4 4.66 x 10—15 gﬁirradlan .709
5 4.06 .657
6 3.33 .564
6.67 3.11 /
7 3.00 .470
8 2.41 .427
9 2.19 .385
10 1.81 £.10 .375
11 1.45 .391
12 1.31 .403
13 1.21 .436
14 1.02 472
15 0.971 £.015 .494
16 0.938 512
17 0.846 .525
18 0.805 .520
19 0.793 .537
20 0.735 .561

Estimated absolute error of doggial:. *15% of Py, #5%.



f

1l64.
Tablie 7: PROTONS ON ARGON AT 3.0°.

Probability of Differential Cross

Energy Transfer, Pyg Section,<d0(zs)
Q
3 keV (1.81 *+ .12)x1072 0.726 x 10716 :ﬁ:rradian
4 1.77 x 10~2 .827
5 2.04 .820
6 2.03 .682
6.67 1.89 .592 -
7 1.77 .539
8 1.70 401
9 1.77 .393
10 1.64 +.17 .304 +,032
11 1.74 .254: E
12 1.76 .232
13 1.87 .228
14 1.88 .198
15 2.08 .204
16 2.02 . .185
17 1.92 .174
18 2.27 +.13 .181 +,010
19 2.16 .177
20 2.51 .187

Estimated absolute error, *40%.



[ SR WIS

AN R

165.

Table 8: PROTONS ON HELIUM, TOTAL DIFFERENTIAL
SCATTERING CROSS SECTIONS, do

total
(in units of 10-16 cm? )
sterradian
8T=5keV-Deg. OT=10 0T=20 6T=30 8T=50
Energy p=0.45a.u. p=0.26a.u. p=0.l4a.u. p=0.09%9a.u. p=0.05a.u.
3 kev  24.6 3.99
3.5 34.8 5.55 0.723
4 36.6 8.52 +.95 1.03
4.5 56.8 +4.8 11.36 1.35 ;
5 67.6 13.78 1.36 +.10
5.5 15.52 1.85
6.25 20.0 *1.0 2.36 *.18 0.644%,040
7 23.1 303 0.701 \
8 26.9 © 3,69 0.915 |
9 24.4 4.66 1.17
10 37.1 5.35 1.32 0.223
12 7.13:.15  1.79 0.247
14 9.04 2.80 0.308
£.083
16 11.14+.93 3.39 0.536
18 13.37 '3.07+.25  0.535
20 12.36 4.43 0.645

Estimated absolute error :15% except near 1 degree #30%.

P
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3 kev
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Estimated absolute error, *10%.

Table 9:
8T=5

keV+Deg.
.056
.028
.023
.058
.074

166.

PROTONS ON HELIUM, CHARGE
TRANSFER PROBABILITY, Pg,.

6T=10

.053
.031
.026
.034
.068
.103
144
.165
.152
115,
.106°

8T=20

.040

.019
.022
. 046
.082
.130
.160
.153
.128
175
.062
.118
.203
«293

.381

6T=30

.119

.150
.148
.119
.086
.066
.107

.185 -

.288

«355

6T=50

.097

.071
.105
.178
.262

.348
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Enerqgy
3 kev

3.5

5.5
6.25

10
12
14
16
18
20

Table 10:

0T=5
keV*Deg.

.043x10"2
.121
.155
.220+,032

. 310

167.

PROTONS ON HELIUM; CHARGE
TRANSFER TO THE 2s STATE,

Pos.
8T=10 0T=20
.160x10™2
.095 ..153x10"2
.113 .202
.175 .187

.178+,032 .243
.250 .310
340,051 .521%.071

.532 .644

.599 .608

554 +403+.050

.485+,022 .355
. 349
.520+.062
«605
.627%.079

.607

Estimated absolute error, *40%.

0T=30 oT=50

.670%.057
x10-2

.517

.588 k

.425

.334 444

.428 . 360

.424 .463

.635 .623

.630+.044 .692

.551 .701

g
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Table 11: PROTONS ON HELIUM, DIFFERENTIAL
CROSS SECTIONS FOR TRANSFER TO
2s STATE, do(2s)

o .
: (in units of 10~18 cm —_)
sterradian
; 8T=5 eT=10 6T=20 8T=30 BT=50
ﬂ Energy keV-:Deg.
'f 3 keV 1.06 0.638
; 3.5 4.21 0.527 0.111
 _} 4 5.67 0.963 0.208 —
.% 4.5 12.50 1.99 0.252
| 5 20.96 2.45 0.330
| 5.5 3.88 0.574
E 6.25 6.80 1.23 0.431
5 7 12.29 1.95 0.362
? 8 16.11 2.24 0.538
E 9 19.06 1.88 0.497
10 17.99 1.90 0.440 .099
12 2.49 0.766 .089
; 14 4.70 1.19 .143
| 16 6.74 2.15 .334
- 18 8.38 1.93 .370
i 20 7.50 2.44 .452
.u;@ Estimated absolute error, +40 - 50%.
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Table 12: PROTONS ON HELIUM AT 6.25 keV.

Impact Charge Total Differential
Angle Parameter Transfer, P, Scattering, Ao¢otal
e
1.0° 095 a.u. .169 (71.4%7.0)x10"16 g%i
1.3 .110 .147 35.3
1.6 .140 .143 20.0
2.0 .170 .144 11.1
2.5 .110 .131 5.44 B
3.2 .260 .130 2.36%.18
4.0 .300 .130 1.19
4.8 .375 .119 .644+,042
Charge Differential
Transfer, Ppg Cross Section do(jg)
1.0° .515+,085x10~2  36.8x10°1% g%i
1.3 .523 x 102 18.4
1.6 .532 10.6
2.0 .494 5.48
2.5 .520 '2.82
3.2 .525%,071 1.24
4.0 .514 612
4.8 .670+.050 .431

Estimated absolute errors: Po, *10%; A0totalr +15% except

dQ
near 1 degree #30%; Ppg, +40%; do(pg) * 40 - 50%,
a
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